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Abstract of the Dissertation

Oxy-combustion of High Water Content Fuels
by
Fei Yi
Doctor of Philosophy in Energy, Environmental & Chemical Engineering
Washington University in St. Louis, 2013
Professor Richard Axelbaum, Chair

As the issues of global warming and the energy crisis arouse extensive concern, more and
more research is focused on maximizing energy efficiency and capturing CO2 in power generation.
To achieve this, in this research, we propose an unconventional concept of combustion – direct
combustion of high water content fuels. Due to the high water content in the fuels, they may not
burn under air-fired conditions. Therefore, oxy-combustion is applied. Three applications of this
concept in power generation are proposed – direct steam generation for the turbine cycle, staged
oxy-combustion with zero flue gas recycle, and oxy-combustion in a low speed diesel-type engine.
The proposed processes could provide alternative approaches to directly utilize fuels which
intrinsically have high water content. A large amount of energy to remove the water, when the
fuels are utilized in a conventional approach, is saved. The properties and difficulty in dewatering
high water content fuels (e.g. bioethanol, microalgae and fine coal) are summarized. These fuels
include both renewable and fossil fuels. In addition, the technique can also allow for low-cost
x

carbon capture due to oxy-combustion. When renewable fuel is utilized, the whole process can
be carbon negative.
To validate and evaluate this concept, the research focused on the investigation of the flame
stability and characteristics for high water content fuels. My study has demonstrated the feasibility
of burning fuels that have been heavily diluted with water in a swirl-stabilized burner. Ethanol and
1-propanol were first tested as the fuels and the flame stability maps were obtained. Flame stability,
as characterized by the blow-off limit -- the lowest O2 concentration when a flame could exist
under a given oxidizer flow rate, was determined as a function of total oxidizer flow rate, fuel
concentration and nozzle type. Furthermore, both the gas temperature contour and the overall
ethanol concentration in the droplets along the spray were measured in the chamber for a stable
flame. The experimental results indicate significant preferential vaporization of ethanol over water.
Modeling results support this observation and indicate that the vaporization process is best
described as the distillation limit mode with enhanced mass transfer by convection.
Further, the influence of preferential vaporization on flame stability was investigated. A
procedure was developed to evaluate the extent of preferential vaporization and subsequent flame
stability of a fuel in aqueous solution. Various water soluble fuels were analyzed via this procedure
in order to identify a chemical fuel showing strong preferential vaporization. t-Butanol was
identified as having excellent physical and chemical properties, indicating stronger preferential
vaporization than ethanol. Flame stability tests were run for aqueous solutions of both t-butanol
and ethanol under identical flow conditions. Flame stability was characterized by the blow-off
xi

limit. In each comparison, the energy contents in the two solutions were kept the same. For the
experiments under high swirl flow conditions (100% swirl flow), 12.5 wt% t-butanol has slightly
lower blow-off limits than 15 wt% ethanol, and 8.3 wt% t-butanol has much lower blow-off limits
than 10 wt% ethanol. For the experiments under a low swirl flow condition (50% swirl/50% axial
flow), 12.5 wt% t-butanol has a much lower blow-off limit than 15 wt% ethanol. The time to
release the fuel from a droplet was also calculated for both ethanol and t-butanol. For the same size
droplet, the time to release t-butanol is much shorter than that of ethanol under the same conditions.
Faster release of the fuel from water enhances flame stability, which is consistent with the
experimental results.
For the oxy-combustion characteristics of low-volatility fuel with high water content,
glycerol was chosen as the fuel to study. It is found that self-sustained flame can be obtained for
glycerol solution with concentration as high as 60 wt%, when burned in pure O2. However, the
flame is lifted far away from the nozzle. To obtain a stable flame for a low glycerol concentration
solution, t-butanol or ethanol was added as an additive. Experiments showed that an attached
flame can be obtained by burning a mixture of 8.3 wt% t-butanol, 30 wt% glycerol and 61.7 wt%
water (B8.3/G30) or 10 wt% ethanol, 30 wt% glycerol and 60 wt% water (E10/G30) under
oxy-fired condition. The flame stability for B8.3/G30 and E10/G30 was characterized under 100%
and 85% swirl flow conditions. Under 100% swirl flow condition, the blow-off limits are
approximately the same for both cases. Under 85% swirl, the blow-off limits for B8.3/G30 are
much lower in the low flow rate region. Additionally, the lift-off limits for B8.3/G30 are lower

xii

than those for E10/G30, which means the flame stability for B8.3/G30 is better. To study the flame
structure, contours of temperature across the chamber’s centerline were obtained for four attached
flames. It was found that the flame becomes narrower as the swirl intensity decreases. A high
temperature zone in the inner recirculation zone (IRZ) is formed for the four flames. This hot zone
is critical to provide heat to vaporize the glycerol in near burner region, so that flame can be
attached on the nozzle.
For practical purposes, a PRB coal water slurry was studied in terms of preparation,
characterization, atomization and combustion. A procedure to prepare stable coal water slurry
from PRB coal was developed. Triton X-100 is a good nonionic surfactant for PRB coal. On the
contrary, PSS, which is ionic, is not effective for PRB coal. Due to the hydrophilic surface
property of PRB coal, the maximum loading of the coal in slurry can only reach 50 wt%. The
viscosities of slurries containing various concentrations of Triton X-100 were measured. To
deliver the slurry in a burner, two types of two fluid nozzles -- internal mixing and external
mixing -- were investigated and both nozzles were able to generate a spray with good quality.
Preliminary oxy-combustion experiments were successfully conducted. Due to the high swirl
flow in the combustor, the nozzle overheated which caused clogging. Additional research is
needed to solve this issue and characterize the flame systematically.

xiii

Chapter 1
Introduction
Concerns over emission of CO2 from fossil fuel combustion have prompted strong interest in
developing carbon neutral or carbon negative processes to supply electricity. In the meantime,
facing limits in fossil fuels, people are looking for alternative fuels. Biomass, one of the renewable
alternative fuels, is becoming a very promising fuel source. However, biomass generally contains a
very high water content. For example, the broth, in the production of bioethanol from corn,
contains more than 90 wt% water. In the growth of microalgae, the water content in the culture is
above 99 wt%. Normally, the water is removed from biomass before further processing.
Traditionally costly and energy intensive dewatering processes are needed to produce energy from
the raw material. Some fossil fuels, such as fine coal, also have dewatering issue. Fine coal,
upgraded by flotation, contains approximately 80 wt% water. Due to the high cost of dewatering,
most of the fine coal is abandoned in mines. To avoid the uneconomic dewatering process and
maximize the overall energy efficiency of the whole process, in this research, we propose a new
approach to utilize the chemical energy stored in those fuels – direct combustion. Direct
combustion may be difficult to achieve by air firing, since the fuels still contain a lot of water. Thus,
oxy-combustion, which is one of the approaches to capture CO2 to address global warming issue,
will be considered in this work.
1

The concept of combustion of mixtures of fuel and water (e.g. coal-water slurry, oil-water
emulsion, wastewater) is not new and has been the subject of extensive research since the 1940s.
The water content in a typical coal-water slurry is 25~50 wt% [1], and that in a water-fuel emulsion
is 5~40 vol% [2]. These two types of mixtures have been widely utilized in engine and boiler
research. In the incineration of wastewater, the water content can reach about 90 wt%, but
supplementary fuel is needed to support the flame [3, 4]. To date it appears that no studies have
reported the possibility of self-sustained combustion for high water content (i.e., > 50%) fuels.
The flue gas from combustion of high water content fuels is largely composed of steam. This
hot gas stream could be valuable to the oil industry where steam is injected into oil sands to extract
liquid fuels [5]. More importantly, this new combustion concept is very promising in power
generation. The new concept will not only avoid the energy intensive dewatering step, but also
achieve higher energy efficiency than traditional process if the new process is designed
appropriately. In the following, three applications in power generation, which have been proposed
by our research group, are described.

1.1 Applications of direct combustion of high water
content fuels in power generation
1.1.1 Direct steam generation for the turbine cycle
If high water content fuels can be directly burnt under pressure, this approach could be used to
generate a stream of hot gas that is mainly composed of steam. High temperature steam is
produced in one step, instead of the conventional two-step approach, which involves a combustor
2

and a boiler. For oxy-combustion, the fuel could be burned in pure O2 or O2 diluted with recycled
flue gas, and the products would contain CO2 and H2O. In this case, CO2 could be captured and
sequestered after condensation of the steam. To illustrate this concept, microalgae is used as an
example.
Microalgae is a very promising biofuel feedstock mainly due to its fast growth rate, but
dewatering process is a bottleneck for biofuel production. Direct combustion of high water content
microalgae slurry could allow utilization of the microalgae without dewatering. The energy
content in dry microalgae mass is relatively high compared to other biomass. For example,
Chlorella protothecoides has a higher heating value of 23.6 MJ/kg [6]. In this case, microalgae
slurry of 20~30 wt% dry mass burning in oxygen should have a flame temperature that is
sufficiently high to maintain a stable flame. When the direct combustion is under pressure, the flue
gas, concentrated in steam, could be directly used to drive a turbine for power generation. Since the
cell size of microalgae is generally very small and microalgae can have low ash content [7, 8], it
may be possible to directly run the flue gas through the turbine with minimal damage.
A schematic of the proposed power plant is shown in Figure 1.1.1.1. This process combines
the high turbine inlet temperature associated with a gas turbine (Brayton) cycle, with the low
pressure, low temperature turbine outlet of the Rankine cycle, resulting in a process that has a very
high-efficiency. The algal slurry is pumped into a combustion chamber wherein it is combusted
with oxygen. The working fluid that passes through the turbine is a mixture of water vapor and
combustion products. After expansion through the turbine, the water is condensed and can be
3

recycled back to the algae bioreactor or pond at 1 atm. The cycle shown has one heat regeneration
stage, although multiple regeneration stages can be incorporated to further improve efficiency. The
calculated cycle efficiency of the ideal process shown here (no irreversibility in the pumps, piping
or turbine) is 57.5%. The cycle efficiency can be improved even further if higher turbine inlet

Figure 1.1.1.1. Algal Slurry Oxy-combustion Power Plant with Regeneration.

temperatures and pressures are used. During the water condensation process, the CO2 is separated
from the water. This CO2 can be treated and compressed for sequestration in a carbon-purification
and compression unit (CPU) [9]. Another option is to recycle a portion of the CO2 back to the algae
production facility, thereby increasing the CO2 concentration in the growth medium and
optimizing algal growth rates.
In addition to providing a new approach to utilize high water content fuels, this approach has

4

many advantages over conventional fossil-fuel power plants with carbon capture. (1) Capital costs
are less since the all the expensive boiler tubes are eliminated. (2) Since the temperature of the
working fluid (steam/CO2) is not limited by the maximum temperature that the boiler tubes can
tolerate, its temperature can be considerably higher than that of an ultra-super critical boiler, which
is about 760 ℃. The higher temperature steam can result in a higher thermal efficiency for the
cycle, which offsets the penalty associated with producing oxygen and compressing CO2. (3) Since
there is no boiler in this process, the system can be started up faster than a conventional power
plant and thus can be more responsive to fluctuations in demand.
Clean Energy Systems, Inc. (CES) is developing a near-zero-emission power generation
technology that is of a similar concept. Their process utilizes a novel gas generator to replace the
conventional steam boiler. A simplified schematic diagram is shown in Figure 1.1.1.2. Fuel and
pure oxygen are pumped into a gas generator and combustion occurs under high pressure. Water is
then injected along the wall of the gas generator to generate steam and control the temperature of
the exhaust gas. In their third generation design, the exhaust temperature is expected to reach as
high as 1760 ℃, which is much higher than that of conventional boilers. Since the fuel is burned in
O2, the CO2 can be captured after condensing the water in the flue gas. CES operates their system
with gaseous fuels and has successfully tested a nominal 110 kWth combustor at temperatures up to
1480 ℃ and pressures up to 2.1 MPa. From 2000 to 2003, CES designed, fabricated, and tested a
20 MWth oxy-fuel combustor using natural gas as the fuel. Successful tests were conducted at
temperatures from 315 to 1650 ℃ and pressures from 7.6 to 10.6 MPa. CES has conducted test on

5

durability and performance and since 2006 their combustor at the Kimberlina facility has been
started over 300 times and accumulated over 1,300 hours of operating time with power exported to
the electrical grid at levels from 0.5 to 2.7 MW. In 2006, CES began design and construction of a
170 MWth oxy-fuel combustor integrated with an advanced turbine design. The first and second
generation turbines have been tested in their facility, and the third generation turbine will be tested
in the near future [10, 11]. In 2010, CES received $30 million funding from the U.S. Department of
Energy (DOE) under American Recovery and Reinvestment Act (ARRA) to accelerate
development of zero emission power plants using a variety of fuel sources. Clearly the potential of
this process has brought considerable attention.

Figure 1.1.1.2. Schematic of CES oxy-fuel cyle [10, 11].

6

In our study, we propose an alternative approach where instead of burning pure fuels in
oxygen and then adding water to the products of combustion to produce steam, the water-diluted
fuels are burned directly with oxygen in the combustor. In addition to the overall benefit that this
cycle has on efficiency there are advantages to directly burning the water-diluted fuel as opposed
to water injection after combustion, as is done in the CES approach. First, the combustor is simpler
than the CES gas generator because water injectors along the walls are eliminated. Second, the
volumetric heat release will ensure rapid and complete vaporization of the water and this will
reduce the overall size of the combustor. The enhanced heat transfer will also minimize the time
for the temperature in the system to become uniform. Finally, and most importantly, this approach
could be used for biofuels that naturally have high water content and that would otherwise need to
be dried. In fact, the water-diluted biomass can potentially be pumped from the source to the power
plant, reducing the cost of transportation of the biomass, which is a significant barrier to biomass
utilization [12, 13].

1.1.2 Staged oxy-combustion with zero flue gas recycle
Staged combustion is an approach originally developed to reduce emissions of nitrogen
oxides (NOx) from combustion. Two methods, including fuel staging combustion and air staging
combustion, as shown in Figure 1.1.2.1, have been developed. In fuel staging combustion, the first
stage is running under fuel lean condition, whereby the NOx production is high. Then, in the
following stage, additional fuel is added which creates fuel rich conditions in the reburn zone.
When hydrocarbons are used as reburn fuel, the hydrocarbon radicals entering the reburn zone can
7

initialize the NO reduction reactions [14]. In air staging combustion, the mechanism is mainly to
hinder the formation of NOx by dividing the furnace into two separate burning zones. An
air-deficient zone limits the initial supply of oxygen available for fuel to combust. Then, with the
addition of over fire air (OFA), the char dust completes the process of burnout [15].

Figure 1.1.2.1. Sketches of staged combustion for NOx control. (a) fuel staging, (b) air staging. λ is the stoichiometric
ratio [16].

The concept of staged combustion can also be utilized in oxy-combustion. During
oxy-combustion, a combination of O2, with a purity of more than 95%, and recycled flue gas is
used for combusting the fuel, producing a gas consisting of mainly CO2 and water vapor, which
after purification and compression, is ready for storage. The concept of staged oxy-combustion
could also reduce the recirculation rate without excessive high temperatures. The key idea is to
control the temperatures by adjusting the stoichiometry at each burner.
Recently, both numerical and experimental research of reducing flue gas recycle by staged
combustion has been conducted in Technical University of Munich. To reduce the recirculation
rate of flue gas, Becher et al. [17] introduced the concept of Controlled Staging with
Non-stoichiometric Burners (CSNB). They aimed at reducing flue gas recirculation rate from 75%
to around 50% of total flow at the end of the furnace. Based on the CSNB concept, Goanta et al.
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[18] ran CFD simulations for a 0.3 MW natural gas furnace equipped with three burners. The
predicted results were compared with experiment. Good agreement was obtained for average wall
heat flux, and there was a little difference in temperature profiles between simulation and
experiment. Becher et al. [19] did experiments in a 3 ×70 kW natural gas combustion test rig with
dry flue gas recirculation of 50% of the cold flue gases. Experiments for oxy-fuel combustion with
70% recirculation rate were also conducted as a reference. The results proved that a reduction in
the flue gas recirculation rate in oxy-fuel natural gas combustion from 70% down to 50% is
possible while avoiding inadmissible high flame temperatures with the concept of CSNB. The
burnout and emissions were about the same for both cases. From oxy-fuel to CSNB combustion,
the heat flux in the furnace through radiation to the wall increased by 4 ~ 11 %. In their design,
there was still 50% flue gas recycle, which means a huge potential to reduce flue gas recycle still
exists.
Bohn et al. [20] experimentally investigated non-stoichiometric oxy-coal flames in a
two-stage 140 kW combustor. Temperature and gas composition profiles were taken to analyze the
combustion behavior of coal with oxygen concentration up to 40% in the oxidant. In the test rig,
lignite was burned under different stoichiometries ranging from 0.55 to 2.15 and different oxygen
concentrations in the oxidant ranging from 30 to 40%. Compared with a conventional air firing
combustion, similar temperature ranges can be reached even with oxygen concentrations in the
oxidant as high as 40%.
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Our new concept of oxy-combustion of high water content fuels can be applied to reduce flue
gas recirculation by staged combustion. The goal is to reduce the flue gas recycle to near zero. A
schematic of this idea for an industrial boiler is shown in Figure 1.1.2.2. At the first stage, high
water content fuel is injected along with pure oxygen. The flame temperature is moderated by the
presence of water and excess oxygen. At following stages, streams of low water content fuel are

Figure 1.1.2.2. A schematic of staged oxy-combustion with zero flue gas recycle.

injected and react with the unreacted oxygen. In the meantime, the heat exchange tubes in the
Figure 1.1.2.2. A schematic of staged oxy-combustion with zero flue gas recycle.

boiler will take away some heat and control the temperature at reasonable range. Beyond
controlling flame temperature, this concept holds other benefits. Reduction in flue gas
recirculation rate could lead to a more compact combustor, which means less equipment cost and
less heat loss. By eliminating flue gas recycle, equipments to transport and clean up recycled flue
gas can be avoided. Since the flue gas volume is significantly less for this case than un-staged
oxy-combustion, keeping 3% oxygen in the flue gas requires less oxygen.

1.1.3 Oxy-combustion in a low speed diesel-type engine
In Figure 1.1.3.1, thermal efficiencies from different technologies are summarized, and the
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best current technology is assumed. Different magnitude power generators have different level of
energy loss, so the curve is not continuous even for the same technique. For large capacity power
plants, losses in transmission and distribution are included [21]. Apparently, the low speed diesel
engine has the highest thermal efficiency among medium capacity power plants. Due to high cost
of oil, the industry has been looking for a low cost substitute to replace diesel. Extensive research
of utilizing coal water slurry in diesel engine has been reported. Successful runs over a long period
have been demonstrated [22, 23]. However, no research of oxy-combustion in low speed diesel
engine has been published yet. In this study, we propose running oxy-combustion of slurry fuels in
a low speed diesel engine. The slurry fuel cannot only be made of coal, but also from biomass
resources. The engine is preferably installed in an area where a large amount of biomass waste is
available.

Figure 1.1.3.1. Comparison of thermal efficiencies between various technologies [21].

Figure 1.1.3.2 represents a schematic of the process. This system is a combined cycle with a
high-pressure piston engine coupled to a Rankine cycle, but the process is quite different from a
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typical combined cycle process. Also, the engine cycle operates on two strokes, yet is different
from a typical two-stroke engine. As shown in Step 1 of Figure 1.1.3.3, oxygen and the slurry are
introduced into the piston at high pressure (about 28 MPa). Water acts as a diluent and reduces
flame temperature. The mixture is ignited in Step 2. After combustion the piston goes through an
expansion stroke where power is generated (Step 3). On the return stroke (Step 4) the products of
combustion are expelled from the cylinder at high pressure (about 9 MPa), and the cycle repeats
itself. The high temperature and pressure products are then brought to a heat recovery steam
generator (HRSG). The moisture that comes with the fuel slurry condenses in the steam generator
and since the pressure is high, the temperature of the steam that is generated in the HRSG is high
(about 700 K). This steam can then be run through a turbine-generator to produce additional power.

Figure 1.1.3.2. Schematic of combined cycle plant for biomass combustion and carbon capture.

We have not yet optimized the process, but the basic engine cycle has a theoretical efficiency of
Figure 1.1.3.2. Schematic of combined cycle plant for biomass combustion and carbon capture.

50~60% and the energy produced from the steam turbine is more than sufficient to meet the needs
to compress the O2 and the CO2. The CO2 leaves the engine at high pressure so pumping costs are
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also reduced due to the high pressure combustion. The air separation unit represents added capital
and operation costs but the high efficiency of the process compensates for the penalty of air
separation.
One of the challenges to biomass utilization is the cost of transportation. We use biomass
slurry for fuel so that the fuel can be pumped to the plant. This can significantly reduce the
transportation costs and allow biomass to be economically transported over longer distances. In
addition, since the design captures much of the latent heat needed to evaporate the water in the
slurry, there is not a large energy penalty to the process for the high water content in the fuel.

Figure 1.1.3.3. Schematic diagram of engine cycle.

Operating with the “topping cycle” as a piston engine has a number of important advantages
when utilizing high water content fuels. (1) Unlike gas turbines, piston engines are known to be
robust and can operate with many kinds of fuels. (2) The maximum operating pressure of a piston
engine can be much higher than that of a gas turbine. No other cycles can reach the operating
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pressures that can be achieved with a piston (e.g., reciprocating compressors can operate at
pressures as high as 180 MPa), and for high water content fuels this is essential because we need to
recover the latent heat that is required to vaporize the water.

1.2 High water content fuels
In nature, fuels are commonly associated with water, either in its raw material form or during
its purification process. Some have considerably high water content, so that dewatering process is
necessary before they are burnt in air. The properties and difficulty in dewatering of several high
water content fuels are summarized below.

1.2.1 Bioethanol
Bioethanol, as a biofuel, is commonly blended with gasoline and consumed by vehicles in the
U.S. and abroad. U.S. Energy Information Administration reported that U.S. ethanol production
capacity reached 51,535 million L in 2011 [1]. Bioethanol is usually obtained from an agricultural
feedstock, with corn being the most common feedstock in the U.S.. The production process of
ethanol from corn is summarized in Figure 1.2.1.1 [24]. The corn grains are first ground and then
go through a process of saccharification, which converts starch into glucose. Next, yeast is added
into the media in the fermentation step. Normally, the ethanol concentration in the water-based
broth reaches not more than 10 wt% in the fermentation step, since at higher concentrations
inhibition would significantly slow down production. To obtain anhydrous ethanol, the broth has
to go through distillation and dehydration, both of which are energy intensive processes [25, 26].
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Figure 1.2.1.1. Production process of ethanol from corn.

Due to the non-ideal behavior of ethanol-water mixtures, ethanol-water forms an azeotrope at
95.6 wt% ethanol at 101.3 kPa [27]. Thus, the highest purity of ethanol from distillation is 95.6
wt%. Also, the energy required for distillation is significant due to the low ethanol concentration
required for fermentation. If the ethanol concentration in the broth is only 5 wt%, which is
common in industry, the energy required to recover ethanol to 94 wt% purity by distillation is
about 6 MJ/kg-ethanol [28]. Ethanol has a higher heating value of 29.7 MJ/kg [27], so in this case,
the energy required to recover ethanol by distillation is about 20% of the heat of combustion of the
ethanol. There are several alternative separation technologies, such as gas stripping, steam
stripping, liquid-liquid extraction, adsorption and pervaporation, but they do not consume less
energy than distillation. Dehydration removes the remaining water, yielding fuel-grade ethanol,
and requiring an additional 1~2 MJ of energy per kilogram of ethanol [28].
Studies have reported the energy balance of ethanol produced from corn. Figure 1.2.1.2
illustrates the results of the energy balance for corn ethanol including co-products (corn gluten
and oil) [29]. In this figure, the circle represents the total energy of ethanol and co-products. A
substantial fraction of the energy is spent on dewatering -- distillation 23% and dehydration 14%.
The net energy gain is 21%, which includes 15% of energy in co-products and 6% energy surplus
in ethanol.
Corn is a “first-generation” feedstock for biofuels and is a food as well. Second-generation
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biofuels are being developed where the feedstock is agricultural lignocellulosic biomass,
consisting of either non-edible residue from food crop production or non-edible whole plant
biomass [17]. Second generation biofuels avoid the competition between food and fuel and would
open up a large supply of renewable biofuels.

Figure 1.2.1.2. Net energy balance for ethanol produced from corn [29].

1.2.2 Microalgae
Microalgae are photosynthetic organisms that consume water, sunlight and CO2, and produce
gaseous O2 and energy-rich biopolymers. Microalgae has quickly become a promising feedstock
for biofuel production for many reasons. (1) Due to its simple structure, microalgae has a much
higher growth rate than terrestrial plants. It is reported that microalgae can produce 50 times more
biomass than switchgrass, which is the fastest growing terrestrial plant [30]. (2) Microalgae has a
relative high oil content, and for some species can reach as high as 80 wt% of the dry mass. Chisti
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[31] evaluated the cropland needed for various crops to supply 50% of the U.S. transport fuel.
Assuming 30 wt% oil content for microalgae, the cropland needed is 2.5% of the existing U.S.
cropland. In contradistinction, corn and oil palm require 846% and 24% of the U.S. cropland,
respectively. (3) Microalgae can be grown on non-arable land, so there is no competition with food
for farm land. Consequently, growing microalgae for fuel should not increase food prices [32]. (4)
Microalgae can be cultivated in saline or sea water [33]. (5) Microalgae can be grown in
conjunction with waste-water treatment [34]. With these advantages as a feedstock, the
government, industry and investors have shown strong interest in commercialization microalgae
for biofuel production. Since 2009, 18 American companies have been actively involved in
development of algae as a biofuel, and the U.S. makes up 78% of worldwide production [32].
Companies involved in algal research for biofuels include ExxonMobil, BP, ConocoPhillips,
Chevron, OriginOil, Inc., Solazyme, Inc. and Sapphire Energy, Inc.
The typical process for producing biofuels from microalgae consists of four major steps, as
shown in Figure 1.2.2.1: (1) cultivation of microalgae under sunlight in open ponds or raceways; 2)
harvesting and dewatering the microalgal biomass; (3) disrupting the cells to gain access to the
intracellular products and extracting them from the cell mass; (4) producing ethanol through
fermentation or biodiesel through transesterification.
While there are efforts to avoid the harvesting and dewatering steps, at present there are no
demonstrated alternatives. Normally, the water content in microalgae culture is above 99 wt%.
Harvesting involves separating the microalgal biomass from the bulk suspension, so that the total
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solid material reaches 2~7 wt%. The slurry is concentrated further with filtration and
centrifugation, and this requires considerable more energy than bulk harvesting. To achieve high
recovery efficiency during oil extraction, it is necessary to reduce the water content to as low as 1
wt% after dewatering [35]. The step of harvesting and dewatering requires very large energy
inputs and accounts for 20~30% of the total production cost [36]. That is a primary reason why
biofuel production from algae is not presently economical [37, 38].

Microalgae
cultivation

Harvesting
&
dewatering

Fermentation

Ethanol

Transesterification

Biodiesel

Cell
disruption

Figure 1.2.2.1. Biofuel production processes from microalgae.

1.2.3 Fine coal
In coal preparation, as summarized in Figure 1.2.3.1 [39], coal is first crushed and then
cleaned to reduce the content of mineral matter. The cleaning method depends on the size of coal
particles. The coarse and medium size of coal, which is larger than 500 μm, is screened out and
cleaned by gravity concentration. A large amount of fine coal, which has particle size less than 500
μm, is left [40]. Fine coal is commonly upgraded by column flotation, which produces clean coal
slurry containing about 80 wt% water. Moisture that is not removed reduces the heating value and
increases the cost of transportation of the clean coal. Excess moisture can also create unacceptable
handling problems for both the coal producer and downstream consumers by plugging chutes, bins,
and rail cars. In colder regions, coal handling can be particularly severe during winter months
because of freezing. The coal industry generally requires that the moisture content in the fine coal
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product is below 20 wt% [41].

Figure 1.2.3.1. Coal preparation.

The water content could be reduced to 30~55 wt% through thickening by gravity
settling/filtration using a large filter funnel. For further dewatering, commercial available
processes include vacuum filtration, hyperbaric filtration, and centrifugal filtration, etc. The cost
of these processes is relatively high and there can be significant losses in solids [42]. The moisture
in the filter cake exists primarily in two forms: interstitial water and surface water. The interstitial
water refers to water that is inside interstices or pores formed between particles. Surface water on
coal particles is a result of hydrogen bonding, van der Waals interaction, and electrostatic
attraction. The difficulty of fine coal dewatering arises mainly from its small particle size or large
surface area which results in a small pore radius in the filter cake and a large quantity of surface
moisture. Moisture in small pores is difficult to remove due to high capillary pressure. The lack of
a cost effective technology for moisture removal has forced many coal producers to discard their
fine coal streams. In the U.S. alone, there are approximately 2 billion tons of fine coal discharged
in abandoned ponds and 500~800 million tons of that in active ponds. Every year, U.S. coal
producers continue to discard about 30~40 million tons of fresh fine coal to active ponds [43]. As a
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reference, the U.S. coal consumption for electric power was 885 million tons in 2010 [44].
Approximately 6~8% of the energy in mined coal lies in the less than 150 μm particle size fraction
[45].
As oil prices keep increasing, the coal water slurry continues to draw interest as a substitute
for oil. An additional on-going driver for coal water slurry has been the lack of a cost effective
method for producing coal-derived liquids. Despite extensive research, the cost has remained at
least twice as high as that of conventional liquid and gaseous hydrocarbons. Utilizing coal water
slurry avoids the dewatering process, which also facilitates pipeline transportation and storage.

1.3 Combustion of wet ethanol
Recognizing the high cost of dewatering in bioethanol production, some studies have been
conducted on combustion of “wet” ethanol. Martinez-Frias et al. [29] did modeling work on
combustion of wet ethanol in homogeneous charge compression ignition (HCCI). Their model
indicates that a HCCI engine can run on 35 vol% ethanol in water and achieve high efficiency
(38.7%) and very low NOx 1.6 ppm, low enough to meet any current or oncoming standards.
Mack et al. [46] conducted experiments in a 4-cylinder 1.9-L engine running in HCCI mode
fueled with wet ethanol. They investigated the effect of the ethanol-water fraction on the engine’s
operating limits, intake temperatures, heat release rates, and exhaust emissions for the engine
operating with 100%, 90%, 80%, 60%, and 40% (in volume) ethanol-in-water mixtures. Saxena et
al. [47] further explored the use of wet ethanol as a fuel for HCCI engines while using exhaust
heat recovery to provide the high input energy required for igniting wet ethanol. Experiments
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were conducted on a 4-cylinder Volkswagen engine modified for HCCI operation and retrofitted
with an exhaust gas heat exchanger connected to one cylinder. Tested fuel blends ranged from
100 vol% ethanol to 80 vol% ethanol, with the balance being water. Comprehensive data was
collected for operating conditions ranging from intake pressures of 1.4–2.0 bar and equivalence
ratios from 0.25 to 0.55. The heat exchanger was used to preheat the intake air allowing HCCI
combustion without electrical air heating. The results suggest that the best operating conditions
for the HCCI engine and heat exchanger system in terms of high power output, low ringing, and
low nitrogen oxide emissions occur with high intake pressures, high equivalence ratios, and
highly delayed combustion timings.
Breaux and Acharya [48] conducted experiments in a swirl-stabilized combustor,
representative of a gas turbine, and hydrous ethanol solutions ranging from 0 to 40 vol% water
were tested. A stable flame was achieved for fuels up to 35 vol% water and the lean blow out limit
was determined for these fuels. Fuels ranging from 0 to 20 vol% water were tested in greater detail,
which included thermal mapping of the flame, exhaust temperature measurements, exhaust NOx,
CO2, and O2 measurement, as well as CH* and OH* imaging of the flame. Equivalence ratio
within the combustor was varied to include 0.6, 0.8, 1.0 and 1.1. Results revealed that the exhaust
heat rate, combustion efficiency, and combustor thermal efficiency were not affected negatively by
elevated water content up to 20%. However, the flame temperature did generally decrease as a
result of water addition, particularly in the lower flame region. CH*/OH* emissions in the
lower-flame region were also appreciably reduced due to the parasitic heat load of water
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vaporization and local quenching in the lower parts of the flame. The practical consequence of
burning hydrous fuel was a reduced exhaust temperature. Reduced peak temperatures lead to
reductions in exhaust NOx under all test conditions. This study indicates that hydrous ethanol with
up to 20 vol% water can potentially be used in lieu of the more expensive anhydrous ethanol for
combustion applications.
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Chapter 2
Research objectives
This research is motivated to develop a process to maximize the overall energy efficiency
with CO2 capture, in order to address the issues of global warming and energy. To this end, the
concept of direct combustion of high water content fuels is proposed. Based on this concept, we
propose three different applications in power generation with improved overall energy efficiency
and carbon capture. The high water content fuels that can be utilized include both renewable and
fossil fuels. Since this concept is quite new in the field of combustion, research should be done to
validate and evaluate this concept. The objective of this work is to build up a basic knowledge of
the concept of combustion of “wet” fuels.
The specific goals of this research are to investigate flame stability and characterize the
flames for high water content fuels. The factors influencing the flame stability will be identified
and analyzed. Vaporization of wet fuels will be studied. The mass transfer mechanisms in the
droplets will be studied based on the characteristics of the flame. Fuels with higher volatility than
water, such as ethanol, 1-propanol and t-butanol, will first be studied. Then fuels with lower
volatility than water, such as glycerol and coal, will be studied. Since coal particles do not
dissolve in water, a procedure to prepare stable coal water slurry from PRB coal will be
investigated. For the three applications mentioned earlier, generating a stable flame is very
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important, so combustion experiments utilizing different fuel delivery systems to study flame
stability will be a major part of this research. With the extensive experimental data from
systematic measurements, the mechanism for oxy-combustion of high water content fuels will be
further studied. A model for multi-component droplet vaporization will also be employed to
understand the vaporization process of wet fuels.
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Chapter 3
Oxy-combustion of High-volatility Fuel with
High Water Content
As a first step towards demonstrating the feasibility of oxy-combustion of high water content
fuels, studies were performed to evaluate the feasibility of combusting a low concentration of
water-soluble fuels in water. Ethanol and 1-propanol solutions were first studied. It turned out both
of them can maintain stable flames even heavily diluted by water, because they have higher
volatility than water. After understanding the influence of preferential vaporization on flame
stability, t-butanol was identified as the best volatile fuel for the further study.

3.1 Experimental setup for flame stability test
The apparatus shown in Figure 3.1.1 was constructed to conduct the flame stability study.
Compressed air was used to pump the fuel -- a solution of water and alcohol -- into the nozzle,
which is located on the axis of a quartz chamber. In each experiment, the pressure drop between
the fuel tank and the nozzle was maintained at 3.4 atm to ensure that the fuel flow rate was held
constant at 0.32 g/s. The oxidant, consisting of an O2 and N2 mixture, was introduced tangentially
to the wall, thereby creating a nearly symmetric swirling flow. Both the fuel and oxidizer were
introduced at room temperature (20 ℃) and the experiments were run at atmospheric pressure.
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The injector was a pressure-assisted nozzle, and three types of nozzles were evaluated: a hollow
spray nozzle (Newton Tool & Manufacturing Co., Inc., model number 0.5NS30 and 0.5NS45), a
semi-hollow nozzle (model number 0.5AR45) and a hollow spray nozzle (model number 0.5NS30)
with a stabilizer disc. Flame stability was characterized by the blow-off limit, which was defined
as the lowest O2 concentration when a flame could exist under a given oxidant flow rate.
Procedurally, the O2 concentration in the oxidant stream was reduced in small increments by
increasing the N2 flow rate until the flame extinguished. All gas flow rates were then recorded.

Figure 3.1.1. Experimental setup for flame stability studies.

To characterize the flame, an uncoated type-B thermocouple mounted on a two-dimensional
translation stage was used to measure the temperature distribution in the chamber. To generate the
isotherms, measurements were conducted at about 1000 different locations in the chamber, which
cover the space from 5 mm to 104 mm downstream of the nozzle. No radiation correction of the
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thermocouple readings was made in this study.
To analyze the average ethanol concentration of the droplets in the spray at different axial
displacements relative to the orifice of the nozzle, droplets were collected with a specially
designed probe. As shown in Figure 3.1.2, the probe assembly consists of two coaxial tubes. N2
flows upward in the outer tube (ID: 4mm, see left figure) to quench the flame at the probe tip by
reducing the O2 concentration. The droplets pass into the inner tube (ID: 2.2 mm) due to their
momentum and are then transported by flow that is generated by a vacuum pump located
downstream. Since the probe is placed in the hot chamber, the droplets evaporate in the probe. To
condense the sample, a long condenser is connected to the outlet of the probe to ensure complete

Figure 3.1.2. Experimental system for droplet collection: (a) close up of the probe assembly during sampling. The
locations identified by “X” indicate typical locations of sampling; (b) experimental setup for obtaining droplet
composition in situ.
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condensation. The condensed sample is collected in a collection chamber for a sampling duration
ranging from 2 to 5 minutes. To take a measurement, the tip of the probe is placed at a given axial
distance from the nozzle and the radial location of the tip is adjusted to yield the highest mass flux
of droplets (see some sampling locations indicated by “X” in the left figure in Figure 3.1.2).
To prevent gas vapor from being sucked into the probe, two flow meters were used to
maintain the flow rate of N2 coming into the system equal to that exiting the system. The
concentration of ethanol in the sample was determined by a VEE GEE PDX-1 digital refractometer.
The measured liquid concentrations were corrected by accounting for the small amount of
uncondensed vapor, assuming gas-liquid equilibrium in the condenser.

3.2 Oxy-combustion of low concentration ethanol
solutions
Figure 3.2.1 shows blow-off limits for various ethanol/water combinations. The area above
the limit curve corresponds to conditions that result in a stable flame. For conditions below the
curve, the flame extinguishes. As shown in Figure 3.2.1, for low oxidant flow rates, the blow-off
limit decreases sharply with increasing total oxidant flow rate (Q) for a given ethanol
concentration. With further increases in flow rate the curve flattens out, being insensitive to flow
rate. After evaluating the equivalence ratio for blow-off conditions, it turns out the reaction is
under fuel rich condition when the oxidant flow rate is low (the condition for global stoichiometry
indicated by the stars in Figure 3.2.1). Less heat is released through incomplete combustion, so
the flame would not be stable without enough heat to support it. As the total oxidant flow rate
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increases, the intensity of swirl increases, which is favorable for flame stabilization. Thus, the
flame can be stabilized at a lower O2 mole fraction, which is why the limit O2 mole fraction drops
rapidly initially. Nonetheless, with further reduction in O2 mole fraction, the local flame
temperature is too low to sustain combustion. For the blow-off conditions where the curves flatten
out, the reactions occur under fuel lean conditions. The reason for the plateau in blow-off limit
curve for all five different ethanol water mixtures is likely due to the fact that the controlling factor
is local flame temperature. This will be discussed further in later sections.

Figure 3.2.1. Effect of total oxidizer flow rate on blow-off limit. The stars indicate conditions of global
stoichiometry for the fuel and oxidizer flow rates.

To show the influence that ethanol concentration has on the blow-off limit, the blow-off limit
data in the plateau region in Figure 3.2.1 were compared. Blow-off conditions at a total oxidant
flow rate of 25 L/min was extracted and plotted in Figure 3.2.2. This figure illustrates that the
blow-off limit decreases with increasing ethanol concentration. Mixtures having a lower ethanol
concentration need a higher O2 concentration to reach a temperature sufficient to yield a stable
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flame.

Figure 3.2.2. Effect of ethanol concentration on blow-off limit when total oxidant flow rate is 25 L/min.

The results in Figure 3.2.1 and 3.2.2 are from a hollow nozzle with a nominal spray angle of
30º. We also tested a hollow nozzle with a nominal spray angle of 45ºand a semi-hollow nozzle
with a nominal spray angle of 45º.The hollow nozzle generates a spray with a hollow cone, while
a semi-hollow nozzle generates a more uniform spray, as depicted on the right of Figure 3.2.3.
Figure 3.2.3 indicates that the semi-hollow spray nozzle performs better than the hollow spray
nozzle. The effect of spray angle on flame stability was also investigated. For the hollow spray
nozzle, a spray with an angle of 30ºis compared with that having an angle of 45º. For the hollow
spray with a narrow angle is somewhat more stable flame in our system. Further, a stabilizing disk
was added to the nozzle, as shown on the right of Figure 3.2.4, to see if flame stability could be
enhance [49]. The addition of the stabilizer disc creates a small circulation zone in front of the
nozzle orifice, which can enhance flame stabilization, especially for condition when the swirl is
not fully developed, i.e. low total flow rate.
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Figure 3.2.3. Effect of nozzle type on blow-off limit.

Figure 3.2.4. Effect of stabilizer disc on blow-off limit.

To investigate the flame characteristics, we measured the temperature in a flame burning 15
wt% ethanol-85 wt% water in an oxidant containing 50% O2-50% N2 flowing at 20 L/min. The
basic features of the temperature contour in Figure 3.2.5 are consistent with the results of Ballester
et al. [50] for a spray flame in a swirl stabilized burner. The low temperature cone extending from
the nozzle identifies the core of the spray where droplet concentrations are high and temperature is
controlled by vaporization of the droplets. The two bright zones on the shoulders of the spray
represent the highest temperature regions of the flame, where temperatures reach 1400 ℃. This
temperature is significantly higher than the adiabatic temperature (673 ℃) calculated for a
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mixture of 15 wt% ethanol and 85 wt% water stoichiometrically burned in an oxidant containing
50% O2 and 50% N2. This result suggests that the high temperature zone is enriched in ethanol
vapor, allowing for greater stability.

Figure 3.2.5. Temperature contour for a flame burning 15 wt% ethanol-85 wt% water mixture in an oxidizer
containing 50 % O2-50 % N2 flowing at 20 L/min.

Figure 3.2.6 shows that the average ethanol concentration in the droplets decreases with axial
distance from the nozzle. When the droplets leave the nozzle, there is a short droplet-heating
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period, followed by intense vaporization. The decrease of ethanol concentration in the droplets
with distance indicates that there is a strong preferential vaporization of ethanol over water, which
generates a high fuel-vapor concentration in the vicinity of the nozzle, enhancing flame stability.
The modeling works in References [51, 52] have indicated the occurrence of preferential
vaporization for volatile component in multi-component droplets.

Figure 3.2.6. Overall ethanol mass fraction in droplets along the spray under the conditions of Figure 3.2.5.

3.3 Modeling Vaporization of ethanol-water droplet
To study the phenomenon of preferential vaporization, vaporization of droplets was
simulated. The modeling work was based on single droplet vaporization. The gas phase was
assumed to be quasi-steady state and Law’s [53] model is applied here and gas phase Lewis
number is unity. The gas phase governing equations for mass and heat transfer are as below:
mYF  r 2 dYF / dr  mF

(3.3.1)

mYW  r 2 dYW / dr  mW

(3.3.2)
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mT
( Ts)r2dT/dr (mL
LH)
F F mL
W W m

(3.3.3)

Integrating Equations 3.3.1 to 3.3.3 from r=1 to ∞, parameters of interest are solved

where B 

m  ln(1  B)

(3.3.4)

YFs  BF /(1 B)

(3.3.5)

YWs  B W /(1  B )

(3.3.6)

T Ts
. In the above, mi  mi ' ,
F LF  W LW
4g Dg rs

mass transfer rate of species i, and m '  mF ' mW ' .

r'

i 

mi
r'
, r  , T  c p , gT ' . mi ' is the
rs
m

the radial distance,

T'

the temperature,

Yi the mass fraction, Li the specific latent heat of vaporization. The subscripts F, W, s and ∞

respectively designate alcohol, water, droplet surface and infinity.
The mass transfer rate solved from Equations 3.3.1 to 3.3.3 is based on Stefan convection,
while our system involves strong forced convection between the droplets and the gas flow. Both
numerical and experimental results have shown that forced convection can increase droplet
vaporization rate [54-56]. Due to the complexity of flow field created by swirl, it will make it
difficult to use empirical correlations reported in the literature [55] to correct the mass transfer rate
for an isolated droplet. Later, the calculation will be extended to a group of droplets. At present, the
mass transfer correction has only been evaluated for a group of monodisperse droplets [57], while
our spray generates polydisperse droplets. To simplify the analysis, an enhancement factor (e) is
used in the correction M  e  m , where M is the corrected non-dimensional mass transfer rate.
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To obtain a value for the droplet surface temperature Ts, an iterative technique is applied [53].
It is assumed that equilibrium between gas phase and liquid phase is reached at the droplet surface.
Since dilute alcohol water mixture shows strong non-ideal behavior, it is necessary to utilize the
activity coefficient to correct for this. Therefore, the equilibrium partial vapor pressure for each
component is calculated as:
PF  xF  F PF0

(3.3.7)

PW  xW  W PW0

(3.3.8)

where γF and γW are activity coefficient for alcohol and water, respectively. The UNIversal
Functional Activity Coefficient (UNIFAC) method is chosen to calculate the activity coefficients
[58]. Based on the Clausius-Clapeyron relation and corrected Raoult’s law, alcohol and water mass
fractions at the surface (YFs and YWs) are calculated. Due to the non-ideal solution behavior, the
activity coefficient can be relatively high. To avoid unrealistic results, the total vapor pressure
from fuel and water was checked and made sure to be below 1 atm. Also, their mass fractions can
be determined from equations 3.3.5 and 3.3.6. Comparing the value of YFs and YWs from the two
methods, Ts can be determined by iteration.
The governing equations for liquid phase are
T ' l   2 T ' 
 2
r'

t
r ' r ' 
r ' 

(3.3.9)

YF
D   2 YF 
 2l
r'

t
r ' r ' 
r ' 

(3.3.10)
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With the same transformation used in [59],



t

r'
and   0 2 l dt '
rs (t ')
rs (t )

Equations 3.3.9 and 3.3.10 can be converted into
T ' 1   2 T ' 
T '
 2

  K1M 
   
 


YF
1
  2 YF


2

Lel  


YF

  K1M 



(3.3.11)

(3.3.12)

And the initial and boundary conditions are

T'(,0) T0 '(), YF(,0) YF0()

(3.3.13)

  YF 
 T ' 

  0,       0  0
   0

(3.3.14)

T 1  Ts
 YF 

  Lel K1M YFs   F 
   1

(3.3.15)

(3.3.16)

where K1 gcp,l / lcp,g and K 2  g / l .
In spray combustion, droplets can travel at a high velocity relative to the gas and this can lead
to internal mixing in the droplet because drag at the surface leads to circulation of the liquid [60] as
shown in Figure 3.3.1. Internal mixing makes the concentration in the droplet more uniform.
Studies have reported that the gasification mechanism of multi-component fuels is intermediate
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between the diffusion and distillation limit modes [61-63]. This study was aiming at qualitatively
identifying which mode makes a greater contribution to the vaporization process. For liquid
phase, two extremes were analyzed – the diffusion limit mode and distillation limit mode. For the
diffusion limit mode, the liquid-phase Lewis number, Lel, was calculated by Lel = α/D based on the
local mixture's thermal and mass diffusivities and ranged from 40 to 50. For the distillation limit
mode, the value of Lel was adjusted until the concentration gradient disappeared. As shown in
Figure 3.3.2, the experimental results were plotted with calculated results assuming either of the
liquid phase mass transfer modes. The curve for Le = 30 represents the diffusion limit mode, and
the curve for Le = 0.1 the distillation limit mode.

Figure 3.3.1. (a) Schematic of flow configuration for spherically-symmetric droplet vaporization; (b) Schematic of
flow configuration for spherically-symmetric droplet combustion; (c) Schematic of flow configuration for
convective droplet combustion without separation; (d) Schematic of flow configuration for convective droplet
combustion with separation [60].
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Figure 3.3.2. Temporal variation of the average volatile molar fraction for mixtures of hexadecane and decane
undergoing vaporization at about 1020 K. τ = 1-(r/r0)2, r0 is the original radius of the droplet. [62].

To demonstrate the strong non-ideal behavior for dilute alcohol water mixture, the activity
coefficients for both ethanol and 1-propanol were calculated at 67 ℃, as shown in Figure 3.3.3.
The calculation shows that alcohol’s activity coefficient is much greater than 1, and the lower the
alcohol concentration is, the greater the activity coefficient. The activity coefficients for water
under those conditions are only slightly over 1.

Figure 3.3.3. The activity coefficients calculated for ethanol and 1-propanol at 67 ℃.
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To compare the extent of preferential vaporization for the two modes, the amount of each
component left in the droplet is calculated during the vaporization process and converted to
percentage relative to the original amount. Figure 3.3.4 shows the result for 15 wt% ethanol under
e = 1 and T∞ = 700℃. If there were no preferential vaporization, the curves for each component
would be identical. The calculations show that the curves differ for the two components,
particularly for the distillation limit mode. Preferential vaporization of ethanol over water is
stronger for the distillation limit mode, since the surface concentration of ethanol is higher than
that for the diffusion limit mode.

Figure 3.3.4. Temporal variation of percentage of each component left in a single droplet, where r is the droplet
radius.

Analyzing a single droplet does not necessarily indicate the behavior of the ensemble of
droplets in a spray, where there is a wide size distribution of droplets. To address the effect of
droplet size distribution, the cumulative effect of the droplets was obtained by assuming that no
collisions occur between droplets. The vaporization history of the spray can then be predicted from
knowledge of the initial droplet size distribution. The nozzle used in this study is a pressure
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assisted nozzle for an oil burner and the data on the size distribution for a water spray was obtained
from the nozzle manufacturer as shown in Figure 3.3.5. Since the physical properties of 15 wt%
ethanol solution are close to those of water, the data for water is used. The size distribution follows
the Rosin-Rammler relationship [64]

  D q 
1  Q  exp    
  X  

(3.3.17)

where Q is the fraction of the total volume contained in droplets of diameter less than D (μm), and
the values of the constants X and q are 62.642 and 2.765, respectively.

Figure 3.3.5. Droplet size distribution (manufacturer's data).

In the experiment, the concentration in droplets was measured as a function of axial distance
relative to the nozzle. To convert this into time, the velocity of the droplet exiting the nozzle was
needed. The velocity was determined by Particle Streak Velocimetry (PSV) (Appendix A). From
the PSV result, the velocity was found to range from 8 to 20 m/s. To simplify the calculation, it
was assumed that all droplets travel at the same velocity, which was assumed to be 15 m/s. To
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determine whether the diffusion limit or distillation limit dominates mass transfer inside the
droplets, the concentration of ethanol in the droplets was calculated as a function of time and is
shown in Figure 3.3.6, where it is compared with experimental data. The time needed for droplet
heating was calculated and subtracted, so that the data in Figure 3.3.6 represents time after the
droplet temperature has reached pseudo-steady state.

Figure 3.3.6. Predicted temporal variation of overall mass fraction of ethanol in the droplets compared with the
experimental data.

As seen from Figure 3.3.6, the ethanol vaporizes rapidly and most of the ethanol is released
during the first few milliseconds. To investigate the effect of forced convection on vaporization,
values of e were varied to allow for comparison with the experimental results. Daïf et al.
experimentally found that the vaporization rate increased by about a factor of 10 (i.e. e = 10) when
an isolated droplet was exposed to forced convection [65]. On the other hand, the review article by
Annamalai and Ryan [66] reported that the vaporization rate of a group of droplets is lower than
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that of an isolated droplet due to droplet-droplet interactions. Therefore, it is anticipated that the
value of e for a spray should be less than that of an isolated droplet subject to the same convection.
Figure 3.3.6 shows that preferential vaporization of ethanol occurs for both the diffusion limit
and distillation limit modes, but the effect is much stronger for the distillation limit. Due to the
large diffusion resistance in the diffusion limit mode, ethanol in the droplet interior cannot easily
reach the surface. Therefore, the overall concentration decreases slowly from its initial
concentration (15 wt%) with time. For the same T∞, the overall concentration decreases faster for e
= 2 due to the enhanced heat and mass transfer. Nonetheless, for very high vaporization rates (e =
10), diffusion is so slow relative to vaporization that the ethanol in the center is trapped inside and
the water at the surface vaporizes quickly due to the high value of e. Thus, there is little preferential
vaporization of ethanol and the overall concentration of ethanol actually decreases slower than the
case when e = 2. To sum up, the calculations do not support a diffusion limit mode mass transfer as
it is not possible to match the curves with the experimental data.
On the other hand, the concentration decreases quickly with time for the distillation limit. The
rate of decrease is further enhanced with mass transfer enhancement in the gas-phase (e > 1). Since,
as seen in Figure 3.2.5, the ambient temperature along the spray is not uniform and the appropriate
mean ambient temperature is unknown, four different ambient temperatures (T∞) were assumed in
the model and e was adjusted correspondingly to match the experimental data. As shown in Figure
3.3.6, the values of e are all in a reasonable range and are all greater than 1, which confirms forced
convection enhancement of mass transfer. In conclusion, the preferential vaporization observed
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experimentally can be predicted by assuming strong internal mixing in the droplet and enhanced
mass transfer in the gas-phase.
In section 3.2, the local flame temperature (Tlocal) was proposed as a controlling factor for the
plateau region of the blow-off limits in Figure 3.2.1. To evalute this, Tlocal, which is the adiabatic
temperature in the zone close to the nozzle, was calculated under different assumptions and
illustrated in Figure 3.3.7. For the calculations, the blow-off conditions at 20 L/min in Figure 3.2.1
was used for the oxidant composition and the equivalence ratio was assumed to be 1. The alcohol
concentrations in the vapor (yF) were determined under three assumptions: (1) no difference in
volatility between alcohol and water, so yF is equal to the mass fraction in the liquid phase; (2) yF is
determined by assuming the liquid and gas phases reach equilibrium for droplets leaving nozzle’s
orifice; and (3) yF is calculated by accumulating the mass vaporized in the first 1 ms after the liquid
leaves the orifice (about 1 cm beneath the nozzle) and the values of e and T∞ are 2.2 and 900 ℃,
respectively. The third assumption represents the mass fractions that result from vapor
accumulation in the vicinity of the nozzle where flame stabilizes, and is the most realistic scenario.
Latent heat was considered in all calculations. Only under assumption (3) does Tlocal fall in the
same range for the different ethanol-water mixtures, as does Tlocal for the various 1-proponal-water
mixtures. Therefore, the flame temperature results obtained by assuming vapor accumulation in
the vicinity of the nozzle supports the hypothesis that the limit is controlled by the local
temperature.
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Figure 3.3.7. Calculated local flame temperature for blow-off conditions under three different assumptions.

More recently, we were able to obtain more accurate data on the characteristics of the spray,
utilizing a Phase Doppler Particle Analyzer (PDPA) to measure droplet velocity and size for the
nozzle used in flame stability tests (0.5NS30). The fuel was 15 wt% ethanol and 85 wt% water.
The detailed results are given in Appendix B. There is discrepancy between the PDPA results and
the results mentioned previously. The axial velocity of the droplets from PDPA is lower than that
from PSV. Since the longer segments, indicating higher velocity, were more recognizable in the
images from PSV, the PSV results were biased to higher velocity. The size distribution data from
PDPA is shown in Figure 3.3.8. The comparison between the PDPA data and manufacturer's data,
which are both obtained in a no flame condition, is illustrated in Figure 3.3.9. The PDPA
distribution results are converted from the measurement of the local droplet size distribution and
axial flux (refer to Appendix B). The PDPA data were adopted in the above model. In this
calculation, the velocity was assumed to be 4 m/s.
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Figure 3.3.8. Droplet size distribution (PDPA data).

Figure 3.3.9. Comparison of the two sets of data for droplet size distribution.

Figure 3.3.10 shows the result calculated following the same procedure as for Figure 3.3.6.
Despite the differences, the conclusions are the same as discussed above. The distillation limit
mode is in good agreement with the experimental data. The vaporization rate is enhanced by
convection, because the values of e are all greater than 1 for the four values of T∞ assumed.
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Figure 3.3.10. Predicted temporal variation of overall mass fraction of ethanol in the droplets compared with the
experimental data. (Recalculated from the PDPA data).

Figure 3.3.11. Calculated local flame temperature for blow-off conditions under three different assumptions.
(Recalculated from the PDPA data).

Tlocal was also recalculated for assumption 3 using the PDPA data. The procedure was the
same as that used to obtain the results in Figure 3.3.7 and the results are shown in Figure 3.3.11.
The accumulated mass vaporized in the first 2.5 ms (about 1 cm beneath the nozzle) was used in
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the calculation. Apparently, the values of Tlocal under assumption 3 still approximately fall in the
same range. Thus, the conclusion drawn previously is still valid.
Comparing the two sets of results, it is clear that the conclusions from the model are not
highly sensitive to the spray characteristic. The results strengthen the conclusion that the
vaporization process in this system is best described as the distillation limit mode with enhanced
mass transfer by convection.
In a spray system, the liquid jet first breaks into droplets in the zone close to the nozzle.
Figure 3.3.12 shows the droplet breakup process. It is clear that strong internal motion occurs
due to the friction force, which is caused by the velocity difference between gas and liquid
phases. This breakup occurs right after the jet exits the nozzle, and this is the region of interest in
this study. Strong internal circulation due to the abrupt process of droplet breakup supports the
assumption for the distillation limit mode in the first few milliseconds. The high speed
photograph shown in Figure 3.3.13, which was taken of water sprayed by 0.5NS30 nozzle under
3.4 atm, verifies this phenomena.

Figure 3.3.12. A schematic of liquid spray reproduced from [67].
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Figure 3.3.13. Photograph of spray (water sprayed by 0.5NS30 nozzle under 3.4 atm) shot by high speed image
system.

3.4 Oxy-combustion of low concentration 1-propanol
solutions
To investigate the effect of alcohol type on flame stability, the blow-off limit of a mixture of
1-propanol and water was studied in the same system. The normal boiling point of ethanol is 78 ℃
and that of 1-propanol is 97 ℃, such that ethanol is slightly more volatile than 1-propanol. To
allow for comparison, the energy content of the fuel mixture per unit mass was kept the same in
each case. For example, for a 100 g mixture of water and fuel, a mixture containing 8.6 g
1-propanol would release the same energy as a mixture containing 10 g ethanol assuming
complete combustion. Thus, the two mixtures will reach approximately the same overall
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adiabatic temperature. Three cases were considered for comparison: a) 10 wt% ethanol and 8.6
wt% 1-propanol; b) 15 wt% ethanol and 12.9 wt% 1-propanol; and c) 20 wt% ethanol and 17.2
wt% 1-propanol. As observed in Figure 3.3.1, the 8.6 wt% 1-propanol-water mixture has a lower
blow-off limit than 10 wt% ethanol-water mixture. However, for the two cases with higher fuel
concentrations, the blow-off limits for ethanol-water mixtures and 1-propanol-water mixtures are
roughly identical, which suggests that mixtures with the same energy content could have the
same flame stability characteristics. Apparently, this little difference in volatility between
alcohols does not influence their blow-off limits. Understanding the different behavior between
the lower concentration and the higher concentration flames will be discussed in the analytical
section but it should be noted that the flame for the mixture containing 10 wt% ethanol or 8.6 wt%
1-propanol is very weak compared with those having the higher alcohol concentrations.

(a)
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(b)

(c)
Figure 3.4.1. Comparison of blow-off limits for different alcohol-water mixtures. The mixtures in each case have the
same energy content.

The temporal variation of percentage of fuel left in the droplet for 10 wt% ethanol and 8.6
wt% 1-propanol was shown in Figure 3.4.2. Clearly, the droplet containing ethanol releases
volatiles faster than the one containing 1-propanol. The result from Figure 3.4.1(a) might be
interpreted to suggest that the stronger preferential vaporization of ethanol does not result in
improved flame stability. Nonetheless, it was observed during the experiments that the flames for
both 10 wt% ethanol and 8.6 wt% 1-propanol were quite small compared to those of the higher
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concentration cases. Thus, droplets in these cases were exposed to a smaller higher temperature
zone and the temperatures were low so the amount of vaporized fuel for both cases was limited.
Recognizing that the higher heating value (HHV) for ethanol is 1368 kJ/mol while that for
1-propanol is 2021 kJ/mol it is clear that 1-propanol releases much more heat than ethanol on a
molar basis. Therefore, under this weak flame situation, the HHV appears to play a significant
role, and despite the slower vaporization for the l1-propanol the flame is more stabile .

Figure 3.4.2. Temporal variation of percentage of fuel left in the droplet for 10 wt% ethanol and 8.6 wt% 1-propanol.

A similar phenomenon was reported by Farag, et al. [68]. They studied the lean blow-off
limits for fuels with different volatility and found that the high volatility fuel had greater stability
when the swirl number was zero (S=0) while the low volatility fuel was more stable for S = 1.5.
The results are reproduced in Figure 3.4.3. The results under high swirl condition are consistent
with the results shown above in this work.
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S=0

S = 1.5

Figure 3.4.3. The lean blow-off limit for S = 0 and S = 1.5 [68].

3.5 Oxy-combustion of low concentration t-butanol
solutions
The above studies have revealed that preferential vaporization of alcohol is an important
factor in stabilizing spray flames of alcohols heavily diluted with water [69]. The alcohols quickly
vaporize from the spray and generate concentrated fuel vapor at the base of the jet. Therefore, a
flame can be ignited and stabilize even though the water content in the liquid is very high. In this
section we develop a procedure for selecting chemical fuels that show strong preferential
vaporization in water. Following this procedure we find that t-butanol is an excellent candidate for
high stability based on its physical and chemical properties, including activity coefficient, vapor
pressure, heat of vaporization and heat of combustion. Flame stability is evaluated for aqueous
solutions of t-butanol using a spray burner and the results are compared with that for ethanol
aqueous solutions. In addition to being useful for gaining a fundamental understanding of
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combustion of high-water content fuels, a chemical fuel such as t-butanol, which shows strong
preferential vaporization in water, can potentially be used as an additive in less volatile fuels like
slurries of fine coal or algae, to support direct combustion.

3.5.1 Selection of fuel
In our previous work [69], ethanol and 1-propanol were used as fuels to study flame stability
for alcohols heavily diluted with water. From the results of both experiments and modeling, it was
concluded that preferential vaporization of the alcohol played a significant role in flame
stabilization. The rapid evaporation of fuel from the droplets causes the local fuel vapor fraction in
the vicinity of the nozzle to be much higher than its corresponding fraction in the liquid. This
phenomenon allows for stable combustion of fuel-water mixtures with a water content as high as
75 wt% when burning in air and 90 wt% when burning in 60% O2. The activity coefficient of
alcohol in water was found to be particularly important for preferential vaporization and flame
stability.
Based on this understanding, we search for fuels that can show an even stronger preferential
vaporization than ethanol and 1-propanol. Utilizing these fuels in high water content systems can
potentially enhance flame stability. The search for these fuels will be limited to water-soluble
chemicals. The selection is based on an understanding of the mechanism controlling preferential
vaporization under spray flame conditions, which is described below.
For spray combustion of volatile fuels, vaporization occurs sufficiently fast that gas-liquid
equilibrium is anticipated at the droplet surface [70]. Therefore, the partial vapor pressures (P) for
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fuel and water are calculated as

PF  xF  F PF0

(3.5.1.1)

PW  xW  W PW0

(3.5.1.2)

where x, γ and P0 are molar fraction in liquid phase, activity coefficient and vapor pressure of pure
component, respectively. The subscripts F and W denote fuel and water, respectively. The activity
coefficient is the correction factor for the non-ideal solution behavior. The molar fractions of fuel
and water at droplet surface can be calculated as

X F ,s 

PF
P

(3.5.1.3)

XW , s 

PW
P

(3.5.1.4)

Knowing the molecular weight for each component, XF, s and XW, s can be easily converted into
mass fractions YF, s and YW, s. Unity Lewis number is assumed in this work. For a spherical droplet,
the mass conservation equations at the droplet surface leads to

mYF  4

mYW  4


cp


cp

r2

dYF
 mF
dr

(3.5.1.5)

r2

dYW
 mW
dr

(3.5.1.6)

mF mW m
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(3.5.1.7)

mF 

YF , s
YF , s  YW , s

m

(3.5.1.8)

where m, λ and cp are mass vaporization rate, gaseous thermal conductivity and gaseous heat
capacity, The solution for m is given by

m  4


cp

rs ln1 Bm  , where Bm=

Y

F, s

YW,s  YF, YW, 
1 YF,s YW,s 

(3.5.1.9)

and rs, YF,∞ and YW,∞ are droplet radius, mass fraction of fuel at infinity and mass fraction of water
at infinity, respectively.
When ethanol or 1-propanol is mixed with water, non-ideal solution is formed, and the
alcohols’ activity coefficients are much greater than unity. From the derivation above, it is clear
that this feature can dramatically increase the extent of the preferential vaporization, by increasing
the fraction of fuel in the vapor phase. Equation (3.5.1.9) also shows that the higher the activity
coefficient the higher the mass vaporization rate. Figure 3.5.1.1 shows the calculated activity
coefficients at 67 ℃ for five water-soluble chemicals. These five candidates were chosen after the
first round screening, in which water-soluble chemicals with high boiling points were eliminated.
The calculation is accomplished by the UNIversal Functional Activity Coefficient (UNIFAC)
method [58]. The value of the activity coefficient reflects the extent that the aqueous solution
deviates from an ideal solution. The activity coefficient for water is slightly greater than unity in
the range calculated for each mixture. The ethylene glycol molecule has two hydroxyl groups,
which are hydrophilic, so that it has a strong attraction to water molecules, making it close to an
ideal solution. Therefore, ethylene glycol’s activity coefficient is slightly greater than one. On the
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other hand, t-butanol possesses a tert-butyl group, which has strong hydrophobicity, so it has a
weak attraction to water, making it a highly non-ideal solution with water. Consequently,
t-butanol’s activity coefficient is much greater than one, which can lead to strong preferential
vaporization of t-butanol in water.

Figure 3.5.1.1. Activity coefficients for five water soluble chemicals at 67 ℃.

Based on energy conservation, the d2-law of droplet vaporization [71] gives the mass
vaporization rate as

m  4


cp

rs ln1 Bh  , where Bh =

cp T  Ts 
L

(3.5.1.10)

and T∞, Ts, L are environment temperature, droplet surface temperature, the heat of vaporization,
respectively. This indicates that a lower heat of vaporization leads to a higher vaporization rate.
Thus, a chemical with a high vapor pressure and low heat of vaporization is preferred in this study.
Table 3.5.1.1 shows the vapor pressure, heat of vaporization and combustion for the five
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water-soluble chemical fuels, whose activity coefficients have been shown in Figure 3.5.1.1.
Table 3.5.1.1. Vapor pressure, heat of vaporization and heat of combustion for five water-soluble chemical fuels.

molecular structure

vapor pressure for

heat of

heat of

pure substance at

vaporization at

combustion

67℃ (Pa) [27]

67℃ (kJ/kg) [27]

(kJ/kg) [70]

ethanol

63800

858

29685.9

acetone

144936

498

30509.6

28312

736

33634.5

307

1017

19188.6

53561

556

35670.4

1-propanol

ethylene glycol

t-butanol

In Figure 3.5.1.1, t-butanol shows the highest activity coefficient. From Table 3.5.1.1, it is
obvious that acetone has the highest intrinsic volatility among the five chemicals. Thus, both
t-butanol and acetone should have stronger preferential vaporization than ethanol. To
quantitatively analyze this feature, the fuel vapor concentration for the binary system was
calculated for t-butanol and acetone aqueous solutions, when gas-liquid equilibrium is reached at
67 ℃. The results are shown in Figure 3.5.1.2, which includes result for an ethanol aqueous
solution as a reference. The vapor concentrations for t-butanol and acetone are much greater than
that of ethanol for the same fuel concentration in water.
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Figure 3.5.1.2. Fuels (ethanol, t-butanol and acetone) concentration in vapor when gas-liquid equilibrium is reached
at 67 ℃.

In this study, we exploit the chemical’s preferential vaporization to support spray combustion.
With all other factors being equal, a chemical with a higher heat of combustion is preferred. For
example, if the chemical is used as an additive, less additive would be required for the same
amount of heat release. The vapor energy density, which is the product of the vapor concentration
and the heat of combustion, is shown in Figure 3.5.1.3 for t-butanol, acetone and ethanol, as a
reference. Due to its higher heat of combustion, t-butanol has a higher vapor energy density than
acetone. Therefore, t-butanol is selected for further study. Extensive studies have been conducted
on production of biobutanol, which includes 1-butanol, 2-butanol and iso-butanol [72-74].
t-Butanol cannot be produced from bioprocess currently. In the following section, the effect of
preferential vaporization on flame stability will be investigated by comparing the results of
t-butanol with those of ethanol.
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Figure 3.5.1.3. Energy density in vapor when gas-liquid equilibrium is reached at 67 ℃.

3.5.2 Characterization of flame stability
The apparatus used here is an upgrade from the one used in our previous work [69]. In order
to control the swirl intensity, an axial flow has been added to the burner. The setup is shown in
Figure 3.5.2.1. The main oxidizer stream is split into an axial flow and a swirl flow and the
proportion of each can be controlled. The spray nozzle (Newton Tool & Manufacturing Co., Inc.,
model number 0.5NS30) and operating pressure for the spray was 3.4 atm, the same as in our
previous study [69]. In order to reproduce the flame stability experiments of our previous study
under 100% swirl conditions, a 38 mm disc was placed after the flow straightener. The disk avoids
backflow through the honeycomb during very high swirl conditions and does not affect the results
with axial flow.
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Figure 3.5.2.1. Experimental setup for spray combustion stability studies.

Flame stability was characterized by the blow-off limit as in Section 3.1. However, the
experimental procedure was different when the flow was a combination of axial and swirl. In this
case, the flow rates for the O2 and N2 streams were fixed such that the O2 concentration and the
total flow of the oxidizer were fixed for each run. The spray was ignited under 100% swirl
condition. Then, the flow through the axial was increased until the target proportion of axial flow
was reached. The O2 concentration was gradually reduced until the blow-off limit was identified.
Experiments under each blow-off limit condition were reproduced three times.
In this section, the blow-off limits for aqueous solutions of t-butanol are presented and
compared with those for ethanol in order to investigate the effects of preferential vaporization on
flame stability. (The data for ethanol under 100% swirl are from a previous work [69].) To allow
for comparison between different fuels, the energy content of the fuel-water mixture per unit mass
is kept the same in each case. For example, for a 100 g mixture of water and fuel, a mixture
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containing 8.3 g t-butanol would release the same energy as a mixture containing 10 g ethanol,
assuming complete combustion. In this study, the blow-off limits for 12.5 wt% and 8.3 wt%
t-butanol solutions are compared with those of 15 wt% and 10 wt% ethanol, respectively.
The blow-off limits for 15 wt% ethanol and 12.5 wt% t-butanol solutions when the oxidizer is
introduced with 100% swirl are plotted in Figure 3.5.2.2. In the low-total-flow-rate region, the
blow-off limits for 15 wt% ethanol and 12.5 wt% t-butanol solutions are more or less the same. In
the high total flow rate region, where the blow-off limit curves flatten out, the blow-off limits for
12.5 wt% t-butanol are lower than those for 15 wt% ethanol by about 3% O2. The stars in Figure
3.5.2.2 indicate the global stoichiometry for the fuel and oxidizer flow rates. As the oxidizer flow
rate increases the global stoichiometry goes from fuel rich to fuel lean.

Figure 3.5.2.2. Comparison of blow-off limits for 15 wt% ethanol and 12.5 wt% t-butanol solutions. The oxidizer is
introduced with 100% swirl. The stars indicate conditions of global stoichiometry for the fuel and oxidizer flow
rates.

Swirl is commonly utilized to stabilize flames in combustion applications. The toroidal
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recirculation zone, generated due to swirl, circulates heat and active chemical species to the root of
the flame, which enhances flame stability [75]. Normally, flame stability increases with swirl
intensity [76-78]. The results shown in Figure 3.5.2.2 were obtained under the highest swirl
intensity in our system, since the oxidizer is introduced with 100% swirl. The residence time for
oxidizer is relatively long under this condition, and both t-butanol and ethanol vaporize very fast,
so the differences in blow-off limits between t-butanol and ethanol are small.
To further investigate the effect of preferential vaporization under conditions where the
residence time for oxidizer is shorter, the swirl intensity is reduced and the stability tests were
conducted under 50% swirl/50% axial conditions. Under these swirl conditions, the flame first lifts
off as the O2 concentration is decreased at a fixed total flow rate. With further reduction in O2
concentration the flame blows off. Photographs of an attached flame and a lifted flame are shown
in Figure 3.5.2.3. The blue lines shown in Figure 3.5.2.3 represent the approximate location of the
spray. A lifted flame was not observed when the oxidizer is introduced with 100% swirl flow. The
blow-off limits for 15 wt% ethanol and 12.5 wt% t-butanol solutions when the oxidizer is
introduced with 50% swirl/50% axial flow are plotted in Figure 3.5.2.4. The lift-off limits for 12.5
wt% t-butanol are also shown. Since the flame for 15 wt% ethanol is lifted even under pure O2
conditions, no lift-off limits exist for ethanol under these conditions. All the data points for the
blow-off limits correspond to conditions that are fuel lean in terms of global stoichiometry.
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Figure 3.5.2.3. Photographs of an attached flame and a lifted flame. The approximated location of the spray cone is
represented in the pictures by the blue lines. The photographs were shot when burning 15 wt% ethanol in pure O2 at
the flow rate of 25 lpm. The swirl proportions for attached flame and lifted flame were 100% and 50%, respectively.

Figure 3.5.2.4. Blow-off limits for 15 wt% ethanol and 12.5 wt% t-butanol aqueous solutions, and lift-off limits for
12.5 wt% t-butanol aqueous solutions. The oxidizer is introduced as 50% swirl/50% axial flow.

By introducing 50% oxidizer with axial flow, the blow-off limit curves are shifted up and to
the right, compared to the results for 100% swirl flow conditions. The blow-off limits for 12.5 wt%
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t-butanol are lower than those for 15 wt% ethanol under all tested total flow rates, indicating more
stable combustion for t-butanol. The improvement in blow-off limit is more significant in the low
flow rate region, where the blow-off limit curve decreases dramatically with increase in total flow
rate. For ethanol, a flame cannot be stabilized even in pure O2 if the total flow rate is below 20.5
lpm. On the other hand, for t-butanol, a stable flame exists down to an O2 concentration of 43%
when the total flow rate is 20 lpm. For the total flow rate below 20 lpm, a flame burning 12.5 wt%
t-butanol solution can still exist under a higher O2 concentration. When the total flow rate is above
30 lpm, the blow-off limit curves for both cases flatten out and the improvement for flame stability
from 15 wt% ethanol to 12.5 wt% t-butanol is less than that at lower flow rates, but is still
significant.
For the same total flow rate, when the swirl is decreased, the swirl intensity reduces which is
not favorable for flame stability. Less heat circulates back to the base of the spray, so that the
temperature in that region drops, causing the vaporization rate to decrease. The characteristic
residence time also decreases. When the total flow rate is below 20 lpm and the flow is 50% swirl
flow, the swirl is too low to generate sufficient circulation to stabilize a flame for ethanol, even
though these flames are experiencing strong preferential vaporization of ethanol. The
characteristics of the even stronger preferential vaporization of t-butanol play an important role in
flame stability under these conditions. When the total flow rate is above 30 lpm, the swirl intensity
is high and thus, the oxidizer residence time increases and the influence of preferential
vaporization on flame stability is less significant. To sum up, when the swirl intensity is low and
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thus rapid vaporization is necessary to stabilize the flame, the difference between the two solutions
is very significant; when the swirl intensity is high and both ethanol and t-butanol flames are
experiencing rapid vaporization and producing high fuel concentrations in the vicinity of the
nozzle, the differences are not as significant.
The blow-off limits for 8.3 wt% t-butanol solutions when the oxidizer is introduced with 100%
swirl are plotted in Figure 3.5.2.5. Also plotted are results from for 10 wt% ethanol and 8.6 wt%
1-propanol. The blow-off limits for 8.3 wt% t-butanol are much lower than those for 10 wt%
ethanol under these flow conditions. The blow-off limits for t-butanol are similar to 1-propanol in
the low-total-flow-rate region, but are a little lower at higher flow rates. The blow-off limits shown
in Figure 3.5.2.5 all belong to fuel lean conditions based on global stoichiometry. The activity
coefficients for ethanol and t-butanol increase with decreasing fuel concentration as shown in
Figure 3.5.1.1. In addition, the relative difference in activity coefficient between ethanol and
t-butanol is greater when the fuel concentration is lower. Thus, the difference in preferential
vaporization between ethanol and t-butanol is more significant when the fuel concentration is low,
which is evident in Figure 3.5.1.2. Burning fuel-water mixtures at such low fuel concentrations
causes a rapid release of fuel, and this is important for flame stability and results in a much wider
range of stability than might be expected based on flame temperature calculation of the fuel
droplets. For example, by releasing the fuel at a much faster rate, the blow-off limits of 8.3 wt%
t-butanol are much lower than those of 10 wt% ethanol even though both have the same theoretical
heat release.
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Figure 3.5.2.5. Blow-off limits for 10 wt% ethanol, 8.6 wt% 1-propanol and 8.3 wt% t-butanol solutions. The
oxidizer was introduced with 100% swirl.

Stability limits for 8.3 wt% t-butanol solution and 10 wt% ethanol solution were also tested
with 50% swirl/50% axial flow. A self-sustained flame could not be obtained for either solution
even with pure oxygen.

3.5.3 Characteristic fuel release time
To quantitatively compare the release rate of ethanol and t-butanol from a droplet, the
vaporization process for a droplet was simulated by the model described in [69]. We followed the
distillation limit assumption as this was confirmed in [69]. The values for the ambient temperature
and the enhancement factor, which are key parameters in the model, were also obtained from
where they were found to be 700 ℃ and 3.1, respectively. The calculations are conducted for a
droplet containing ethanol or t-butanol, with concentrations taken from the blow-off limit
experiments. The temporal variation of “percentage of fuel remaining in the droplet” is shown in
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Figure 3.5.3.1. The droplet diameter is taken to be 50 μm, which is approximately the Sauter mean
diameter of the spray. Figure 3.5.3.1(a) shows the results for 15 wt% ethanol and 12.5 wt%
t-butanol. The calculated droplet life time is 5.70 ms for both cases. The time to release 99% fuel
from the droplet is 1.00 ms for ethanol and 0.29 ms for t-butanol. Figure 3.5.3.1(b) shows the
results for 10 wt% ethanol and 8.3 wt% t-butanol. The calculated droplet life time is 5.77 ms for
both cases. The time to release 99% fuel from the droplet is 0.92 ms for ethanol and 0.23 ms for
t-butanol. Clearly, t-butanol is being released much faster than ethanol, indicating stronger
preferential vaporization. Combined with the experimental data shown, it is concluded that the
stronger preferential vaporization behavior of t-butanol is responsible for its better flame stability.

(a)

67

(b)
Figure 3.5.3.1. Temporal variation of percentage of fuel left in the droplet for (a) 15 wt% ethanol and 12.5 wt%
t-butanol and (b) 10 wt% ethanol and 8.3 wt% t-butanol.

3.5.4 Summary
In section 3.5, we further studied the combustion of high water content fuels. The influence of
preferential vaporization on flame stability was investigated. A procedure was developed to
evaluate the extent of preferential vaporization and subsequent flame stability of a fuel in aqueous
solution. Various water-soluble fuels were analyzed via this procedure in order to identify a
chemical fuel showing strong preferential vaporization. t-Butanol was identified as having
excellent physical and chemical properties, indicating stronger preferential vaporization than
ethanol. Flame stability tests were run for aqueous solutions of both t-butanol and ethanol under
identical flow conditions. Flame stability was characterized by the blow-off limit. In each
comparison, the energy contents in the two solutions were kept the same. For the experiments
under high swirl flow conditions (100% swirl flow), 12.5 wt% t-butanol has slightly lower
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blow-off limits than 15 wt% ethanol, and 8.3 wt% t-butanol has much lower blow-off limits than
10 wt% ethanol. For the experiments under low swirl flow condition (50% swirl/50% axial flow),
12.5 wt% t-butanol has a much lower blow-off limit than 15 wt% ethanol. The time to release the
fuel from a droplet was also calculated for both ethanol and t-butanol. For the same size droplet,
the time to release t-butanol is much shorter than that of ethanol under the same conditions. Faster
release of the fuel from water enhances flame stability, which is consistent with the experimental
results.
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Chapter 4
Oxy-combustion of Low-volatility Fuel with
High Water Content
So far, we have investigated the oxy-combustion of high-volatility fuels with high water
content, including ethanol, 1-propanol and t-butanol. However, low-volatility fuels with high
water content are also abundant in nature. In the introduction, fine coal and microalgae were
mentioned as examples of high water content fuels. Typically, coal contains water, volatile, char
and ash. The devolatilization temperature for coal is normally above 300 ℃ [79]. So a slurry made
of coal fines will not have preferential vaporization of fuel. Proximate analysis of microalgae
shows it is composed of water, ash, lipid, protein and carbohydrate [80]. The combustible mass in
microalgae also has a lower volatility than water. Thus it is worthwhile to study the
oxy-combustion characteristics of low-volatility fuels with high water content.
To study the combustion characteristics of a low volatility fuel heavily diluted in water, a
convenient fuel is preferred. Glycerol, which is chosen as the fuel, completely dissolves in water,
making the mixture easily to be prepared and atomized. The boiling point of glycerol is 290 ℃
[27] and its vapor pressure is low even at 100 ℃, which is the boiling point of water. The activity
coefficients of glycerol and water in glycerol/water mixture at 90 ℃ are shown in Figure 4.0.1.
The calculation is accomplished by the UNIversal Functional Activity Coefficient (UNIFAC)
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method [58]. The activity coefficient of glycerol does increases with decreasing glycerol
concentration, as with ethanol and t-butanol. However, the value is only slightly greater than 1,
which means the activity coefficient will not play an important role as it does for ethanol and
t-butanol. Preferential vaporization of glycerol over water will not occur. On the contrary, water
will preferentially vaporize before glycerol.

Figure 4.0.1. Activity coefficients of glycerol and water in glycerol/water mixture at 90 ℃.

4.1 Experimental setup
The experimental setup is shown in Figure 2. The system was upgraded from previous study
[81] by increasing the inner diameter of the chamber. Due to the expansion, the recirculation in
near burner zone is stronger than that in our previous setup [82] and from our previous study (see
Figure 3.5.2.1) [81], recirculation is critical to the combustion of high water content fuels.
Increasing the inner diameter also avoids the impingement of droplets on the inner wall. The main
oxidizer stream is split into an axial flow and a swirl flow, and the proportion of each can be readily
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controlled. The chamber is made of quartz and is not insulated. The spray nozzle used here is a
Danfoss 0.50 45º AH nozzle. In each experiment, the pressure drop between the fuel tank and the
nozzle was maintained at 6.1 atm to ensure that the fuel flow rate was held constant at 0.47 g/s.
Flame stability was characterized by the blow-off limit as in our previous study [81].
To characterize the flame structure, gas-phase mean temperatures were measured using a type
B thermocouple traversed through the centerline of the chamber. The junction bead had a diameter
of approximate 0.4 mm. The bead was coated with BeO/Y2O3 in order to avoid catalytic effects
[83-86]. Reported temperatures were measured values without correction for radiation loss. The
contours were generated by temperatures measured at about 800 positions.

Figure 4.1.1. Experimental setup for spray combustion stability studies.
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4.2 Oxy-combustion of low concentration glycerol
solutions
In a swirl-stabilized burner, an inner recirculation zone (IRZ) is generated due to the toroidal
vortex [87, 88]. The heat and radicals are circulated back to assist combustion reactions. For spray
combustion, the fuel jet enters this IRZ and vaporizes into gas phase. If the gas mixture in the IRZ
is flammable, it is ignited. Otherwise, a flame cannot be maintained [82]. In our previous studies
[69, 81], a fuel with a high volatility relative to water was used. When the jet entering the IRZ, fuel
preferentially vaporizes over water, causing the relative fuel-to-water mass fraction in the
near-burner zone to be higher than that in the droplet. That is why very low concentration fuel
solutions can be easily ignited. In this work, glycerol, a fuel with a low volatility relative to water
is investigated. Since water, instead of fuel, will be preferentially released in the IRZ, solutions
with low fuel concentrations may not be ignitable.
In our previous study we found that a stable flame can easily be ignited with 25 wt% ethanol
in pure oxygen. For a 41.3 wt% glycerol solution, which has the same energy content as 25 wt%
ethanol we were not able to ignite a flame in our system. When the system is changed from
preferential vaporization of fuel to preferential vaporization of water, the fuel concentration needs
to be increased to generate a combustible vapor around the spray.
For a 50.0 wt% glycerol solution, a flame can be stabilized provided that a pilot flame is left
on. For 60.0 wt% glycerol solution, a self-sustained flame can be obtained. However, the flame is
lifted from the nozzle. The adiabatic temperatures (Tad) for glycerol solutions under
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stoichiometric conditions with O2 are listed in Table 4.2.1. Unlike the ethanol solution, which
can maintain a stable flame even when the Tad is as low as about 700 ℃, the glycerol solution
needs a much higher Tad to maintain a flame. As the glycerol concentration goes up, the viscosity
increases, which means the operating pressure for the nozzle has to be increased accordingly. The
minimum operating pressures for the nozzle used here are listed in Table 4.2.1.
Table 4.2.1. Operation pressures and adiabatic temperatures for glycerol solutions.
Glycerol wt%

Operating pressure (atm)

Tad in O2 for φ = 1 (℃)

41.3

6.1

1816

50.0

7.5

2197

60.0

8.2

2602

To quantitatively analyze the vaporization of a droplet containing glycerol and water, a
calculation was conducted for both distillation limit mode and diffusion limit mode, following the
model reported in Section 3.3. The ambient temperature of 700 ℃ was assumed and no
enhancement for mass transfer due to convection was considered. Figure 4.2.1 illustrated the
temporal variation of percentage of each component left in a single droplet containing 50 wt%
glycerol on a dimensionless time scale. Due to the difference between glycerol and water, water
preferentially vaporizes from the droplet over glycerol under both assumptions. Additionally,
almost no glycerol vaporizes initially. Thus, the slow release of glycerol is consistent with the
experimental results.
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Figure 4.2.1. Temporal variation of percentage of each component left in a single droplet, where r is the droplet
radius.

4.3 Oxy-combustion of low concentration glycerol
solutions with the addition of an additive
Our previous study [81] found that t-butanol shows extremely strong preferential
vaporization over water during droplet vaporization. It is expected that adding a small amount of
t-butanol in a low concentration glycerol solution can assist the vaporization and combustion of
glycerol as t-butanol will quickly vaporize from the droplets and react with oxygen. The heat
released due to this reaction can assist the gasification of glycerol, which is expected to enhance
flame stability. The use of a small amount of a volatile component to enhance ignitability has been
demonstrated for regular fuels [89] but not for fuels in water. In this study, a mixture, denoted as
B8.3/G30, contained 8.3 wt% t-butanol, 30 wt% glycerol and 61.7 wt% water was tested in our
swirl stabilized burner. For B8.3/G30, the heat released by complete combustion of t-butanol is
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greater than the heat required to vaporize the glycerol and water. An attached and stable flame was
easily obtained under oxy-fire condition for this system. Further, we have shown that ethanol also
shows preferential vaporization over water [69] but not as strongly as t-butanol. To compare with
the B8.3/G30 case, a mixture containing 10 wt% ethanol, 30 wt% glycerol and 60 wt% water was
tested (E10/G30). For both B8.3/G30 and E10/G30, complete combustion of the additive
(t-butanol or ethanol) in a unit mass of the mixture releases the same heat. The flame stability
results are shown below.
The flame stability map under 100% swirl flow condition for B8.3/G30 and E10/G30 is
shown in Figure 4.3.1. The solid curves are blow-off limit curves. The stars in Figure 4.3.1 indicate
the global stoichiometry for the fuel and oxidizer flow rates. As the oxidizer flow rate increases the
global stoichiometry goes from fuel rich to fuel lean. The feature of the blow-off limit curves is
similar to that from our previous studies [69]. As the total oxidizer flow rate (Q) increases, the
blow-off limit first decreases quickly, and then flattens out. Arai et al. found that, for the same
swirl number, the residence time under flame situation increases with Q and then decreases slowly
after reaching the maximum value [90]. In our system, with increasing Q, the residence time
increases, which provides a longer time to vaporize the droplets and mix fuel vapor with oxygen.
Additionally, as Q increases, the IRZ grows larger, which circulates more heat to vaporize the fuels.
Even though the residence time and volume of IRZ increases, which is favorable for flame stability,
the flame blows off when the flammability limit is reached. Thus, the blow-off limit curve flattens
out when Q increases further.

76

Figure 4.3.1. Stability map under 100% swirl flow condition. The stars indicate conditions of global stoichiometry
for the fuel and oxidizer flow rates.

The flame stability map for B8.3/G30 and E10/G30 under 85% swirl is shown in Figure 4.3.2.
When 15% of the flow is introduced as axial flow (85% swirl), the flame is lifted under some
conditions and the lift-off limit is shown in Figure 4.3.2. For both cases, when operating under
conditions below the lift-off limit curve and above the blow-off limit curve, the flame is lifted. The
lifted flame fluctuates wildly when the oxygen concentration is reduced. For B8.3/G30, the flame
does not lift off before it blows off if Q is above 19 lpm. From Figure 4.3.2, the B8.3/G30 case
maintains an attached flame under the conditions where the E10/G30 flame has already lifted off.
In the low Q region, the blow-off limit for B8.3/G30 is much lower than for E10/G30. However,
the blow-off limit curves approximately overlap each other in the region of high Q. As with our
earlier study, the advantage of preferential vaporization of t-butanol is more evident when the
residence time is limited. Compared to the 100% swirl case, the residence time under 85% swirl is
shorter for the same total flow rate. t-Butanol vaporizes faster than ethanol, so the IRZ can
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accumulate more volatile fuel vapor. With heat release from the combustion of t-butanol in the IRZ,
the vaporization of glycerol is accelerated, which provides more fuel in the IRZ. Therefore, an
attached flame can be maintained for B8.3/G30, while the flame for E10/G30 is either blown off or
lifted off under the same conditions.

Figure 4.3.2. Stability map under 85% swirl flow condition. The stars indicate conditions of global stoichiometry for
the fuel and oxidizer flow rates.

Attached and stable flames, based on the stability maps shown in Figures 4.3.1 and 4.3.2,
were chosen for temperature measurements. The run conditions are listed in Table 4.3.1. The total
flow rate for all four cases was 22.5 lpm. The results are presented as temperature contours along
with pictures shown in Figure 4.3.3. The contours have the same temperature scale. As shown in
Figure 4.3.3, there is a hot core at the base of the hollow spray cone for the four tested flames. For
all the four cases, the peak temperature was measured in the center region close to the nozzle
orifice. The IRZ enhances the mixing of the high concentration fuel and oxidizer in near-nozzle
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region, leading to a peak temperature. Because of the reaction occurring in the IRZ, a fair amount
of heat is released at the spray base, accelerating the vaporization of droplets. Thus, an attached
flame is formed.
Table 4.3.1. Running conditions for temperature measurements.
Case

Fuel

Oxidizer (mol%)

Swirl%

a

E10/G30

100% O2

85%

b

E10/G30

100% O2

100%

c

E10/G30

80% O2/20% CO2

100%

d

B8.3/G30

100% O2

85%

The conditions for Case a are close to the lift-off limit according to the stability map in Figure
4.3.2. On the contrary, Case b is very stable according to Figure 4.3.1. Comparing the contours and
photographs of Case a and b, it is obvious that the flame size is reduced in the radial dimension
when the proportion of the axial flow is increased from 0% to 15%. In a swirl-stabilized burner, the
volume of IRZ becomes wider and longer with an increase in swirl intensity [82]. When 15% of
the oxidizer is introduced as axial flow, recirculation is not as strong as for 100% swirl, causing the
IRZ to be narrower. This is why the flame becomes narrower. The temperature in the outer region
of the spray for Case a is lower than that for Case b suggesting that the heat release in the IRZ for
Case a is less than that for Case b.
Comparing Case b and c, the flame temperature is reduced when the molar fraction of O2 is
reduced from 100% down to 80%. Correspondingly, the brightness of the flame in the IRZ is lower
for Case c than for Case b. The reaction zone for Case c expanded in radial direction relative to
Case b, which is evident in both the temperature contour and the photograph. As expected, as the
O2 concentration decreases, the reaction zone grows larger. The spray hollow cone is also clearly
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shown in the temperature contour for Case c, which is not obvious in other Cases.
For Case d, the oxidizer flows are the same as for Case a. From the contours, the flames are
seen to have a similar flame shape, which is narrower than that of Case b and c running at a higher
swirl intensity. The peak temperature for Case d is higher than that of Case a. This is because
t-butanol is released faster than ethanol, resulting in a higher fuel concentration in the IRZ, and a
higher fuel vapor concentration leads to a higher flame temperature. From Figure 4.3.2, it is seen
that when the O2 concentration is reduced Case d is less susceptible to lift off than Case a,. Because
more fuel is consumed in IRZ for Case d, more heat is released, which accelerates the vaporization
of the fuel in water. Generating a hot IRZ is critical to maintaining an attached flame when the
oxidizer has more axial flow.

Case a

80

Case b

Case c

81

Case d

Figure 4.3.3. Temperature contours and corresponding photographs of flames. The operation conditions are listed in
Table 4.3.1.

4.4 Summary
In this study, glycerol is chosen to study the oxy-combustion characteristics of low-volatility
fuel with high water content. It is found that a self-sustained flame can only be attained for glycerol
solutions with mass fractions higher than 50 wt%, when burned in pure O2. However, the flame is
lifted far away from the nozzle. To obtain a stable flame for low glycerol concentrations, t-butanol
or ethanol were added as additives. Experimental results showed that attached flame can be
obtained by burning a mixture of B8.3/G30 or E10/G30 under oxy-fired condition. The flame
stability for B8.3/G30 and E10/G30 was characterized under 100% and 85% swirl flow conditions.
Under 100% swirl flow conditions, the blow-off limits are approximately the same for both Cases.
Under 85% swirl flow condition, the blow-off limits for B8.3/G30 are much lower in the low flow
rate region. Additionally, the lift-off limits for B8.3/G30 are shifted to the left compared to
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E10/G30, which means the flame stability for B8.3/G30 is better. To study the flame structure,
contours of temperature across the chamber’s centerline were obtained for four attached flames. It
is found that the flames become narrower as the swirl intensity decreases. A high temperature zone
in the IRZ is formed for the four flames. This hot zone is critical to provide heat to vaporize the
glycerol in near burner region, so that flame can be attached on the nozzle.
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Chapter 5
Oxy-combustion of Low loading Coal Water
Slurry
In the previous chapter, we demonstrated the feasibility of burning low-volatility fuel with
high water content. Since coal fines in water are abundant, it is worthwhile to investigate the
combustion characteristics of a slurry with low coal loading (i.e., high water content). Preliminary
results are shown below.

5.1 Preparation, characterization and atomization
While there is a market for coal water slurry (CWS) elsewhere in the world, particularly in
Asia, there is not in the United States. Powder River Basin (PRB) coal is being shipped to Asia but,
to date, limited work has been done to develop an approach to prepare coal water slurries from this
fuel. Thus, a procedure to prepare a stable coal water slurry from PRB coal, which is a
sub-bituminous coal, was developed. Because a mixture of coal and water is a thermodynamically
unstable suspension, additives, including dispersants and stabilizers, are commonly added to the
slurry to disperse coal particles and enhance the stability of the slurry [1, 44, 91, 92]. The
appropriate additives is dependent on the properties of the coal [93]. Generally, CWS prepared for
boiler applications in China are required to be stable for up to three months, without significant
sedimentation [21].
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In order to enhance the stability and rheology of the CWS, additives are commonly added.
The additives used in CWS preparation mainly include two surfactant types -- ionic and nonionic.
Both types were tested in this work. Sodium Polystyrene Sulphonate (PSS) was chosen as the
ionic surfactant and Triton X-100 as the nonionic surfactant. For the coal loading, we started with
a low loading, which can potentially generate a stable flame in pure O2. The adiabatic flame
temperature when burning 30 wt% PRB coal slurry in pure O2 is as high as 1711 ℃, which can
potentially lead to a stable flame. Thus, the lowest loading tested in this work is 30 wt%. For CWS
preparation, coal was mixed with deionized water containing the surfactant and then the mixture
was ground in a lab attritor (Union Process, model 01-HD) at 600 rpm for 1 hour, so that the
particles were fully dispersed. The amount of additive is indicated on a coal basis in this work.
Studies have shown that slurries made from coal particles with a bimodal size distribution
particle have a lower viscosity and better static stability than those made from unimodal particles
[96, 97]. The size distribution of coal particles after grinding was measured by a Microtrac S3000
laser diffraction unit and the results are shown in Figure 5.1.1. The mean size of the coal particles
before preparation was approximately 55 μm [98]. Clearly, the mean size reduced after grinding
in the attritor.
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Figure 5.1.1. Coal particle size distribution in the CWS prepared by the procedure reported in this work.

The static stability of slurry is based on a measurement of sediment in a sample. Two types of
sediments are formed when CWS is stored without agitation. One is the soft sediment, which can
be redispersed with modest agitation. The other is the hard sediment, which is observed at the
bottom of the container. It is densely packed and cannot be redispersed with modest agitation
[94]. An external force is required to break it into small pieces.
Each sample was stored in a 100 mL graduated cylinder with the opening sealed. The weight
of each sample was recorded as w1. After 14 days, the samples in the cylinders were poured out.
The portion of the sample, mainly composed of hard sediment, was not able be poured out. The
weight of the cylinder plus the residual mass was recorded as w2. The mass fraction of the
sediment in each sample was calculated by (w2-w0)/(w1-w0), where w0 is the weight of the empty
cylinder.
The results of the sediments for 30 wt% PRB slurries are shown in Figure 5.1.2. Adding PSS
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did not improve the static stability of slurry. In terms of the quantity of sediment, the slurry
prepared without the additive was at the same level as the slurry where Triton X-100 was added.
As the amount of Triton X-100 was increased, there was little change in hard sediment. The zeta
potential of the 7 samples are reported in Figure 5.1.3. The zeta potential of the slurry with Triton
X-100 is about the same as without the additive, which is consistent with the results of [95].
Increasing PSS, yields a more negative zeta potential, which means the coal particles carry more
charge. With the increase in charge, the particles suspended in the slurry tend to repel each other.
This retards the formation of floc, which helps enhance stability. Thus, particles tend to precipitate
instead of being suspending in the liquid phase. Since Triton X-100 is a better additive than PSS
for PRB coal in term of CWS’s static stability, the remainder of the study will utilize Triton
X-100 as the additive.

Figure 5.1.2. Sediment mass fraction for 30 wt% PRB slurry samples with various concentrations of additives.
T: Triton X-100; P: PSS. Additive concentrations are on a coal basis.
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Figure 5.1.3. Zeta potential for 30 wt% PRB slurry samples with various concentrations of additives.

To characterize the rheology of the CWS, The apparent viscosity was measured by a rotation
viscometer (model NXS-11B, Chengdu Instrument Factory, China). The viscometer consists of a
spindle and a cylinder, which are concentric. When taking measurements, the sample was placed
between the inner spindle and the outer cylinder. The cylinder was immersed in a water bath, and
the temperature was controlled at 30 ℃. The results of viscosity measurement for 30 wt% CWS
are shown in Figure 5.1.4. The density of 30 wt% CWS is 1.07 g/mL. The viscosity decreases
with an increase in shear rate, indicating shear thinning. The magnitude of the viscosity for 30 wt%
CWS is quite low. So it is expected that the CWS can be easily pumped and atomized for
oxy-combustion applications. Adding Triton X-100 reduces the viscosity of the CWS. When the
addition is 1.5 wt% relative to the coal, the viscosity reaches a minimum. As seen in Figure 5.1.4,
as the amount increases from 1.5 wt% to 2 wt%, the apparent viscosity increases. When the
amount of the additive is more than the amount needed to fully cover the surface of the coal
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particles, the extra Triton X-100 dissolves in the water, leading to an increase in the apparent
viscosity.
In the following work, the dosage of Triton X-100 was fixed at 1.5 wt% on a coal basis.
Normally, the apparent viscosity of CWS increases with coal loading [99]. In this study, we
gradually increased the coal loading until the slurry ceased to flow due to a high viscosity.

Figure 5.1.4. Apparent viscosity of 30 wt% CWS.

The results of the viscosity measurement for 40 wt% CWS are shown in Figure 5.1.5. The
density of 40 wt% CWS is 1.11 g/mL. For 40 wt% coal loading, the CWS with Triton X-100 also
has lower viscosity.

89

Figure 5.1.5. Apparent viscosity of 40 wt% CWS.

The results of viscosity measurement for 42.5 wt% CWS are shown in Figure 5.1.6. The
density of 42.5 wt% CWS is 1.12 g/mL. In this case, the viscosity with Triton X-100 is higher
than that without.

Figure 5.1.6. Apparent viscosity of 42.5 wt% CWS.
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The results of viscosity measurement for 45 wt% CWS are shown in Figure 5.1.7. The
density of 45 wt% CWS is 1.14 g/mL. The viscosity for 45 wt% CWS is relative high in the
measured range of shear rate. Normally, an apparent viscosity within the range of 500 to 1000
mPa∙s at 100 s-1 is acceptable for boiler [21, 100]. So, at this loading, CWS made by PRB coal is
not recommended for pumping due to its high viscosity.

Figure 5.1.7. Apparent viscosity of 45 wt% CWS.

The results of viscosity measurement for 50 wt% CWS are shown in Figure 5.1.8. The
sample can barely flow, which is consistent with the measured high viscosity.
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Figure 5.1.8. Apparent viscosity of 50 wt% CWS.

Our results are consistent with the results from a 2005 Wyoming government report where a
study was conducted to compare four different gasifiers utilizing PRB coal. To pump the coal
water slurry to the gasifier, the water content had to be as high as 55 wt% [101]. The coal/water
slurry viscosity increases with the hydrophilicity of the coal. Therefore, a hydrophobic coal can
more easily form a slurry with low viscosity at high solid loadings. Normally, high-rank coals are
hydrophobic, and low-rank coals, such as PRB, are hydrophilic [1].
Sediment tests were also conducted for 40 wt%, 42.5 wt% and 45 wt% PRB CWS in order to
investigate their static stability. The results are shown in Figure 5.1.9 for samples with and without
Triton X-100. The mass fraction of sediment for samples with Triton X-100 is much less than the
samples without. The addition of Triton X-100 facilitates the formation of the floc and prevents the
sedimentation of coal particles. However, approximately 20 wt% sediment is formed for the 42.5
wt% PRB sample after 14 days. The static stability of the slurry made of low rank coal is not
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promising under the conditions considered.

Figure 5.1.9. Sediment mass fraction for 40 wt%, 42.5 wt% and 45 wt% PRB slurry samples with and without
additive. T: Triton X-100. Additive concentrations are on a coal basis.

In a combustion system, the slurry needs to be delivered in the form of spray. Two-fluid
nozzles are commonly utilized to atomize the CWS [102-106]. The two-fluid nozzle disintegrates
a liquid jet by introducing it with a stream of atomizing gas [64]. The nozzle’s performance is a
function of both liquid pressure and atomizing gas flow rate. At the same liquid pressure, when the
atomizing gas flow rate increases, the SMD of the droplets and fuel flow rate decreases. Two-fluid
nozzles include two types – internal mixing and external mixing, as shown in Figure 5.1.10. With
the internal mixing nozzle, the gas and liquid contact within the nozzle head; with the external
mixing nozzle, the gas and liquid first contact outside of the nozzle head [67]. Both types of
two-fluid nozzles were utilized to spray the CWS in this work. To avoid clogging during
atomization, the coal was sieved and only particles with less than 45 μm where used for slurry
preparation.
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The nozzles are from Spraying System Co. The spray set-up for internal mixing and external
mixing are designated as SU11 and SU2, respectively. Both nozzles can successfully atomize the
CWS prepared by the procedure mentioned above. For the internal mixing nozzle, the flow rate for
30 wt% CWS was 1.95 g/s (20 psi pressure on liquid side) when the atomizing gas was running
with 9 lpm O2; For external mixing nozzle, it was 2.00 g/s (5.5 psi pressure on liquid side) for the
same atomizing gas.

(a) Internal mixing two-fluid nozzle

(b) External mixing two-fluid nozzle
Figure 5.1.10. Nozzles used to atomize the slurry in this study.

5.2 Oxy-combustion experiment
Figure 5.2.1 illustrates the combustion process for the CWS [107]. The process begins with
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water vaporization when the droplets are injected into the hot gas stream. Coal particles inside the
droplet agglomerate during water vaporization. Ignition occurs and devolatilization causes
fragmentation. The char further fragments during burnout. Smaller droplets have more rapid water
vaporization and smaller coal particle agglomerates, which yields more rapid devolatilization and
enhanced flame stability. Thus, a spray containing fine droplets of CWS is favorable for the
combustion.

Figure 5.2.1. CWS combustion mechanism [107].

The combustion experiment was carried out in the setup shown in Figure 5.2.2. The
combustor was preheated until the wall temperature reached 900 ℃ in the near burner region.
Then 25 wt% ethanol was ignited in 45% O2. The O2 concentration in the chamber was gradually
increased to 100%. After stable operation was reached the fuel was switched to CWS. Both
internal mixing and external mixing nozzles were tested.
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From the experiments, overheating of the nozzle became an important issue. Due to the high
swirl condition, a lot of heat circulated back to the burner, which heated up the nozzle. The heated
nozzle transferred the heat to the fluid flowing inside. This was not a problem for the ethanol
solution; however, for CWS, the heat dried the slurry inside of the nozzle and caused blockage. A
metal shield was made to reduce the heat transferred to the nozzle. A type K thermocouple was
attached to the nozzle's surface to monitor the temperature.
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In order to easily ignite the slurry containing 30 wt% coal, 10 wt% ethanol was added.
Internal mixing nozzle was first tested. The slurry was ignited and a stable flame was generated
under 80 lpm O2 with 100% swirl. A flow rate of 9 lpm of O2 was introduced in the chamber as
atomizing gas. The temperature on the nozzle surface was about 270 ℃. During the run, the peak
temperature on the reactor wall was about 1000 ℃. A high speed video was taken from the end
of the chamber during the run and a snapshot is shown in Figure 5.2.3. There is a bright reaction
zone in the center, which is probably due to the preferential vaporization of ethanol. Coal
particles follow the swirl direction travelling in the chamber.

Figure 5.2.3. Photograph taken when burning 30 wt% coal 10 wt% ethanol 60 wt% water mixture atomized by
internal mixing nozzle.

For the external mixing nozzle, the nozzle clogged in less than 1 minute after the fuel was
switched to the CWS when operated with 80 lpm O2 and 100% swirl. The temperature at the
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nozzle surface was about 400 ℃.
To investigate whether a flame could be ignited from slurries produced without additives, a
30 wt% CWS was tried with an internal mixing nozzle. A video was taken from the end of the
chamber during the run and a snapshot is shown in Figure 5.2.4. From the photograph, major
reaction zone was in the region close to the wall. There is not much reaction occurring in the
center.

Figure 5.2.4. Photograph taken when burning 30 wt% coal 70 wt% water mixture atomized by internal mixing
nozzle.

From the combustion experiments, it is clear that under the same flow conditions, the
external mixing nozzle is more prone to clogging than the internal mixing one. The orifice
diameter of the external mixing nozzle is larger than the internal mixing one, so that the jet
momentum exiting the external mixing nozzle is lower for the same fuel flow rate. This means
the flame zone is closer to the nozzle, and heat transfer to the nozzle is more efficient, which is
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why the nozzle surface temperature for the external nozzle is higher, and clogging occurs more
rapidly. The overheating of the nozzle has not been fully solved. It will be addressed in the
future.
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Chapter 6
Summary and Recommendations
In this work, the feasibility of combustion of high water content fuels was demonstrated and
flame stability was studied. Towards an industrial application, preliminary research on low
loading coal water slurry was conducted as well. The summary and recommendations for future
work are discussed below.

6.1 Summary of achievements and conclusions
This work conducted experimental and modeling research on combustion of high water
content fuels. The achievements and conclusions are summarized below:
1. This study has demonstrated, in a swirl-stabilized burner, the feasibility of burning fuels
that have been heavily diluted with water. Ethanol and 1-propanol were chosen as initial fuels and
the flame stability maps were obtained. Flame stability, as characterized by the oxygen
concentration at the blow-off limit, was determined as a function of total oxidizer flow rate, fuel
concentration and nozzle type. Furthermore, both the gas temperature contour and the overall
ethanol concentration in the droplets were measured in the chamber for a stable flame. The
experimental results indicate significant preferential vaporization of ethanol over water. Modeling
results support this observation and indicate that the vaporization process is best described as the
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distillation limit mode with enhanced mass transfer by convection. Importantly, the non-ideal
solution behavior, which is particularly strong for dilute alcohol-water mixtures, strengthens the
preferential vaporization and allows for enhanced flame stability over what might be expected for
ideal solutions. Consequently, mixtures containing as high as 80 wt% water can be burned in air.
Mixtures with even higher water concentrations can be burned with modest increases in oxygen
concentration.
2. The influence of preferential vaporization on flame stability was investigated further and a
procedure was developed to evaluate the extent of preferential vaporization and subsequent flame
stability of a fuel in aqueous solution. Various water-soluble fuels were analyzed via this procedure
in order to identify a chemical fuel showing strong preferential vaporization. t-Butanol was
identified as having excellent physical and chemical properties, indicating a stronger preferential
vaporization than ethanol. Flame stability tests were run for aqueous solutions of both t-butanol
and ethanol under identical flow conditions. Flame stability was characterized by the blow-off
limit. In each comparison, the energy contents in the two solutions were kept the same. For the
experiments under high swirl flow conditions (100% swirl flow), 12.5 wt% t-butanol has slightly
lower blow-off limits than 15 wt% ethanol, and 8.3 wt% t-butanol has much lower blow-off limits
than 10 wt% ethanol. For the experiments under low swirl flow condition (50% swirl/50% axial
flow), 12.5 wt% t-butanol has a much lower blow-off limit than 15 wt% ethanol. The time to
release the fuel from a droplet was also calculated for both ethanol and t-butanol. For the same size
droplet, the time to release t-butanol is much shorter than that of ethanol under the same conditions.
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Faster release of the fuel from water enhances flame stability, which is consistent with the
experimental results.
3. Glycerol was chosen as a fuel to study the oxy-combustion characteristics of low-volatility
fuel heavily diluted with water. It is found that self-sustained flame can only be obtained for
glycerol solutions with concentrations higher than 50 wt%, when burned in pure O2. However, the
flame is lifted far away from the nozzle. To obtain a stable flame for low glycerol concentration
solutions, t-butanol and ethanol were added as additives. Experiments showed that an attached
flame can be obtained by burning the mixture B8.3/G30 or E10/G30 under oxy-fired conditions.
The flame stability for B8.3/G30 and E10/G30 was characterized under 100% and 85% swirl flow
conditions. Under 100% swirl flow conditions, the blow-off limits are approximately the same for
both cases. Under 85% swirl flow conditions, the blow-off limits for B8.3/G30 are much lower in
the low flow rate region. Additionally, the lift-off limits for B8.3/G30 are shifted to the left
compared to E10/G30, which means the flame stability for B8.3/G30 is better. To study the flame
structure, contours of temperature across the chamber’s centerline were obtained for four attached
flames. It was found that the flame becomes narrower as the swirl intensity decreases. A high
temperature zone in the IRZ is formed for the four flames. This hot zone is critical to provide heat
to vaporize the glycerol in near burner region, so that flame can be attached on the nozzle.
4. A low-loading coal water slurry was studied in terms of preparation, characterization,
atomization and combustion. A procedure to prepare stable coal water slurry from PRB coal was
developed. Triton X-100 is a good nonionic surfactant for PRB coal. On the contrary, PSS, which
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is ionic, is not effective for PRB coal. Due to the hydrophilic surface property of PRB coal, the
maximum loading of the coal in slurry can only reach 50 wt%. The viscosities of slurries
containing various concentrations of Triton X-100 were measured. To deliver the slurry in a
burner, two types of two-fluid nozzles were investigated -- internal mixing and external mixing,.
Both can generate a constant spray. Preliminary oxy-combustion experiments were successfully
conducted.

6.2 Recommendations
6.2.1 Characterization of the flow field in a swirl-stabilized burner
To further study the flame stabilization mechanism of oxy-combustion of high water content
fuels, the flow field in the burners involved in previous research should be quantitatively
investigated [77]. The effect of swirl flow on spray pattern and flame structure should be
investigated [108]. The local velocities of droplets and gas can be measured by PDPA, whose
principle is briefly summarized in Appendix B. The flames for both high and low volatility fuels
demonstrated previously should be investigated. From the results, the flow pattern for gas and
liquid phases in the combustor can be mapped out. The IRZ, which is very critical in this study,
can be identified. The size of the IRZ can be quantitatively studied under different swirl flow
conditions. The residence time for droplet can be calculated, and it can be applied in the flame
stability criteria proposed in Chapter 6.
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6.2.2 Oxy-combustion of low loading coal water slurry
The results shown in Chapter 5 are quite promising. Regarding the issue of overheating the
nozzle, building a water jacket around the nozzle should solve this [95]. After the feeding
problem solved, various flow conditions can be tested to study its influence on flame shape.
Combustion of coal water slurry will generate ash and the ash should be characterized. Fly ash size
distribution and morphology can be measured using a scanning mobility particle sizer (SMPS) and
electron microscopy. The composition can be analyzed using ICP-MS or SEM-EDS. In addition,
measurements of unburned carbon in the ash can be performed using a TGA to assess the
completeness of combustion.
Modeling of CWS combustion should further be conducted. Since coal is immiscible in
water, different approaches from the one used in Section 3.3 should be applied. The development
of the model can start from single droplet combustion, which can be divided into three stages -water vaporization, combustion of volatile matter, and combustion of char [109]. Single droplet
combustion can be conducted to obtain parameters specifically related to the coal used in this
study. To compare with experimental data, efforts should be spent on extending single droplet
combustion model into spray combustion model. Simplified approaches as mentioned in Section
3.3 can be utilized.

6.2.3 Pressurized oxy-combustion
Since oxy-combustion at elevated pressure is becoming an important technological
opportunity, and is a potential application for direct combustion of wet fuels, research on
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pressurized oxy-combustion is needed. Only a small number of experimental studies on
pressurized, swirl-stabilized spray combustion have been reported [110, 111] and there are no
reported studies on pressurized oxy-combustion. Our lab possesses a pressurized chamber that can
take pressure up to 5 atm. Its ID and length are 15.4 cm and 92.4 cm, respectively. An ethanol
solution can initially be used as the fuel. The temperature at various axial and radial locations can
be measured from the side ports. From the temperature contours, the flame shape can be
interpreted. These results can be used to understand the effects of pressure on stabilization and
preferential vaporization.

6.2.4 Multi-component droplet vaporization for “wet” fuels
An understanding of the dominant liquid mass transfer mechanism in multi-component
droplets is critical to understand the vaporization of high water content fuels [51, 52, 55, 56,
112-115]. Previous research has shown that convection between the droplet and gas leads to
internal circulation, which enhance the mixing inside the droplet [60]. In a classical freely-falling
droplet experiment, Randolph et al. studied vaporization and combustion of bi-component
droplets [61]. The droplets contained mixtures of hexadecane with tetradecane, dodecane or
decane. A conclusion of this work was that the liquid mass transfer mechanism for this system was
an intermediate mode between the distillation and diffusion limit modes. My previous study,
described above, showed that for the ethanol aqueous solution the liquid mass transfer complies
with the distillation limit mode in the early stages of spray evaporation where most of the ethanol
is released. This is reasonable because the spray is initially in the form of a film and ligaments [64],
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causing internal motion in the liquid phase. As noted above, the distillation limit mode
substantially enhances preferential vaporization of ethanol, which is important for flame
stabilization.
Thus, there are two questions to be addressed: First, what are the dominant modes of liquid
mass transfer for the various fuels when heavily diluted with water?; and second, when
considering a system like the ethanol-water mixture, where vaporization is extremely rapid, are
single droplet experiments leading to incorrect conclusions as to the mass transfer mechanism
since in the early stage of the spray, where most of the fuel is evaporated, the mass transfer
mechanism is more distillation-like?
To understand the liquid mass transfer mechanism for droplets made of high water content
fuels, single droplet vaporization experiments should be conducted. A single droplet vaporization
apparatus, similar to the one used in [116-119], can be constructed. A high-speed camera can
monitor droplet diameter and the ethanol concentration in the droplet can be measured with a
specially designed apparatus described in [69]. The bi-component droplets containing water and
high volatility fuel (e.g. ethanol) or low volatility fuel (e.g. glycerol) should be first studied. Then
droplets of three components (water, high volatility fuel and low volatility fuel) should be
investigated. The temporal variation of the average component concentration can be computed by
the droplet vaporization model based on distillation and diffusion limit mode. The results should
be compared with experimental data to determine which mechanisms better describe the
vaporization process.
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Appendix A
Droplet velocity determined by Particle
Streak Velocimetry (PSV)
The PSV’s principle is summarized here. The laser beam generated from a laser source is
converted into a thin laser sheet, which is shooting at the flow field of interest. A high speed
camera captures the trajectory of the particle due to the scattered light. From the image, the
velocity of particle can be determined [120, 121]. The PSV setup I built is shown in Figure A.1.
In my experiments, the camera exposure time is 1/4000 s. Some sample images are shown in
Figure A.2.

Figure A.1. Setup of PSV.
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Figure A.2. Sample pictures from PSV measurements.
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Appendix B
Spray Characterization by Phase Doppler
Particle Analyzer (PDPA)
The atomization performance of a nozzle can be characterized by Phase Doppler Particle
Analyzer (PDPA). The principle of PDPA and a typical setup is shown in Figure B.1 [122]. PDPA
is an optical diagnostic instrument widely utilized in the measurement of size distribution and

Figure B.1. (a) Band-pass filtered Doppler burst signals illustrating the phase shift between two detectors; (b)
optical arrangement of a dual-mode PDPA system.
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velocity for particles [123-127]. This technique determines the droplet velocity by fringe mode
laser anemometry, and establishes the droplet size by measuring the phase shift of light encoded in
the spatial variation of the fringes reaching two detectors.
The 1-D PDPA measurements were done by Prof. Yeshayahou Levy at Technion, Israel
Institute of Technology. The nozzle and the operating conditions are the same as reported in
Chapter 3. The nozzle was 0.5NS30. The operating pressure was 3.4 atm. And the fluid was 15
wt% ethanol and 85 wt% water. Measurements were conducted at various axial (x) and radial (r)
positions across the axis of the nozzle. The results are shown in Figure B.2.

(a) Velocity in axial direction

(b) Axial flux
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(c) D10

(d) D32
Figure B.2. PDPA measurement results.

The PDPA results do not directly provide the original overall droplet size distribution. To
obtain this, the local size distribution and axial flux at 11 mm beneath the nozzle were used to
make the conversion. The conversion procedure is described as below.
The local PDPA size distribution data is the number counting the droplets whose diameter
range from 0.1 μm to 200 μm with 0.2 μm increment. This corresponds to 999 bins.
For each local size distribution data, the total volume at jth radical position is calculated as
999

V j ,total  
i 1



d 
6
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i 3

nij

(B.1)

The flux ( F j ) in the ring shape area (Figure B.3) is assumed uniform.
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……

Figure B.3. Illustration of the rings referred to the conversion.
i

In unit time, the number of d size droplet ( N ij ) passing jth ring is
N ij 
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Appendix C
High Speed Imaging System
To characterize the spray, I built a high speed image system shown in Figure C.1. The setup
contains a high speed strobe (1540 Strobolume), a diffuser and a camera (Nikon D3100).
Pictures are taken in a dark room, so that only light scattered by the spray can be captured by the
camera. Since the flash duration time of the strobe is only 15 μs, the movement of the object can
be frozen on the image. To obtain high magnification, a bellow is suggested to put between the
lens and the camera body.

Figure C.1. Setup of back-lighted high speed image system.
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Appendix D
Flame Stabilization
In this chapter, the flame stabilization for oxy-combustion of high water content fuels is
discussed based on the experimental observations reported in previous chapters. A deeper
understanding of the mechanism of stabilization is helpful in the design of future burners.
In this work, the blow-off limit has been used to characterize flame stability. In the literature,
the lean blowout (LBO) limit for gas turbine combustors has been extensively studied
experimentally and theoretically for non-aqueous based fuels. Correlations to predict the
equivalence ratio at the LBO limit for bluff body stabilized flame were reported in late 1970s.
Ballal and Lefebvre [128, 129] developed the correlation based on the assumption that the heat
released from combustion equals the heat needed to ignite the fresh mixture being entrained into
the wake region. Plee and Mellor [130] performed the analysis based on characteristic times for the
processes involved in spray combustion -- turbulent mixing, homogeneous chemical reaction,
droplets vaporization and fuel injection. A semi-empirical correlation for the characteristic times at
LBO limit was reported as

sl  0.12 fi  2.12hc  0.011eb   0.095
where  sl ,  fi ,  hc and  eb are the shear layer residence time, residence time at fuel injection
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region, ignition delay time and droplet evaporation time, respectively. The characteristic times
model was validated in a series of spray combustion experiments [131-134]. More recently, the
model was modified for swirl stabilized spray flames and validated by experiments [135, 136].
The main point of this concept illustrated in previous paragraph is the residence time for the
droplets in the critical region is not shorter than the vaporization, mixing and ignition time of the
droplets. For spray combustion, fuel has to vaporize into gas phase and then mix with O2 to react.
The three steps occur sequentially for the fuel droplets. Normally, vaporization is the controlling
process [137]. In a swirl-stabilized burner, the IRZ is generated due to the toroidal vortex. The
reverse gas flow zone is formed in the IRZ as shown in Figure D.1. Because the swirl, the mixing
between fuel and O2 is enhanced. Also, since the heat released from reaction is circulated back to
the spray base, the vaporization is accelerated. Thus, spray combustion can be readily stabilized in
a swirl-stabilized burner.

Figure D.1. The reverse flow in a swirl-stabilized burner [82].

The ignition delay times for the alcohols investigated in this work are very short. Studies
under air firing condition show that the magnitude of the ignition delay for ethanol, 1-propanol
124

and t-butanol is in sub-millisecond level [138, 139].
In order to show the effect of swirl flow on spray combustion, McDonell and Samuelsen
measured the concentration of hydrocarbon vapor using an infrared extinction/scattering
technique [124]. The concentrations of hydrocarbon species in reacting spray with and without
swirl flow were shown in Figure D.2. In their research, no swirl flow means the oxidizer was
introduced axially. Apparently, due to the IRZ created by swirl, the hydrocarbon concentration in
near burner region is much higher compared to the no swirl cases. The maximum level of
concentration is even increased by a factor of 2. The consumption of fuel in swirl flow is more
rapid than the no swirl case.

(a) without swirl flow
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(b) with swirl flow
Figure D.2. Concentration of hydrocarbon species in reacting spray [124].

Regarding to the high water content fuels studied in this work, the blow-off limit can be
explained following this concept. To obtain a stable or even attached flame, a certain amount of
fuel must be vaporized in the IRZ to make sure the mixture in the IRZ is flammable. For
high-volatility fuel, a small amount of water is vaporized with the fuel because of the preferential
vaporization of the fuel. For low-volatility fuel, a lot of water goes into the gas phase during the
vaporization of the fuel. Thus, the low-volatility fuel with high water content is more difficult to be
ignited. When adding high-volatility fuel as additive, the fuel concentration in the IRZ increases,
making the ignition much easier.
From experimental results, it is known that the flame stability is strongly dependent on the
flow condition. The flame stability is improved with the increase of swirl flow intensity. With the
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increase of the swirl, the volume of IRZ is normally expanded. As shown in Figure D.3, a spray is
introduced in the combustion chamber and exposed to the swirl flow. Under the same total
oxidizer flow, the IRZ becomes wider and longer when the swirl intensity increases. The residence
time increases with swirl intensity, too. It provides enough time for the droplets to vaporize and
mix with O2, which leads to a stable flame. In my system, the swirl intensity is controlled by the
proportion of the flow in axial. The higher the proportion of the flow in axial, the lower the
intensity of the swirl. Switching from strong swirl flow to weak swirl flow, the IRZ shrinks and
the residence time for droplets in the IRZ reduces, which is unfavorable for flame stability. The
blow-off limits increase in my experiments.

Figure D.3. The influence of swirl flow on the IRZ.

The residence time of droplets in the IRZ is also dependent on the jet velocity. Under the same
flow condition, the residence time is reduced by increasing the jet velocity. Thus, if the fuel is not
very volatile, which needs more time to vaporize, slowing down the spray jet is helpful for flame
stability. Regarding to the nozzle used in this work, a two-fluid nozzle generally has higher
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velocity jet than a pressure-assisted nozzle. That is why high swirl intensity flow is needed to
stabilize the flame when a two-fluid nozzle is used.
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